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ABSTRACT

The goal of this project is to assess the economic feasibility of CO; flooding the naturally
fractured Spraberry Trend Area in west Texas. This objective is being accomplished
through research in four areas: 1) extensive characterization of the reservoirs, 2)
experimental studies of crude oil/brine/rock (COBR) interactions in the reservoirs, 3)
reservoir performance analysis, and 4) experimental investigations on CO, gravity
drainage in Spraberry whole cores. This provides results of the final year of the six-year
project for each of the four areas.

In the first area, reservoir characterization has been established based on
petrophysical and geological analysis combined with core-log integration. A shaly sand
rock model for describing the Spraberry Trend Area Reservoir has been established, and
as a result, a better log interpretation algorithm for identifying Spraberry pay zones has
been developed.

We have completed the reservoir characterization, which includes matrix
description, and pay zone detection (from core-log integration), and fracture
characterization. The first horizontal core ever taken from the Spraberry as part of this
project proved beyond a doubt that Spraberry pay sands are densely fractured with not
one, but three sets of natural fractures with varying orientations. The coring operation,
description of the horizontal core, diagenesis investigation of fracture faces, along with
application of our rock-log model to open-hole logs from the horizontal well. We have
also included our analysis, which allows application of the rock-log model to old cased
hole logs.

We have completed the reservoir characterization, which includes matrix
description, and pay zone detection (from core-log integration), and fracture
characterization. We have provided a detailed analysis of petrography and diagenesis of
the varying rock types. We have extended the classification of rock types and finally we
have developed relationships between depositional features, petrophysical parameters and
reservoir quality.

We have extended the fracture characterization, which provides a detailed analysis
of the effect of mechanical stratigraphy on fracture variability and reservoir behavior.

Finally in this area, we have improved water saturation calculations for the
Spraberry reservoirs by integrating extensive geological, physical and petrophysical data
into a modern shaly-sand log interpretation model. The results provide recommendations
for logging suites that will allow a better description of the water saturation in pay zones.

In the second area, COBR interaction in the Spraberry matrix has been analyzed
based on results of laboratory experiments. Initial water saturation and historical water
saturation in the Spraberry sands has been determined to be between 0.20 and 0.40
depending on permeability of the sand. Macroscopic displacement efficiency during water
imbibition has been estimated to be about 50%. Wettability of the Spraberry sands has
been determined. The Amott wettability index to water was estimated to be about 0.55
indicating that the Spraberry sands are weakly water wet. Water-oil capillary pressure has
been established. The experimental capillary pressure curve confirms the rock wettability
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determined based imbibition test. Interfacial tension (IFT) between Spraberry oil and
brine has been measured to be 32 mN/m. Experimental results have been used in
analytical and numerical reservoir simulations.

We have completed extensive imbibition experiments at room and reservoir
conditions. The experimental results clearly indicate that the weakly water-wet behavior
of the reservoir rock may have been responsible for poor waterflood response observed in
many Spraberry fields. We have also explored the effect of reservoir conditions on
wettability determination in the Spraberry. It was found that brine imbibition rate was
accelerated by elevated temperature and delayed by elevated pressure. Aging condition in
oil decelerated brine imbibition while the wettability index to water was essentially
unchanged. Comparison has been made between the up-scaled imbibition data and
production decline in areas of E.T O’Daniel lease and Humble pilot. Consistency between
the up-scaled imbibition data and production decline in the two areas was observed
indicating that low permeability weakly-water-wet reservoirs is the major mechanism for
the waterflood recovery.

We have conducted a detailed investigation of both static and dynamic imbibition
at reservoir temperature. We have demonstrated that there is a significant difference
between modeling static imbibition and dynamic imbibition experiments. Our results
suggest that static imbibition tests do no reproduce the behavior characteristic of dynamic
conditions that prevail in the reservoir. We have used a numerical, commercial simulator
(ECLIPSE) in order to demonstrate the difference in the two experimental procedures.
We have completed static and dynamic imbibitions, both experiments and modeling. The
results were used to determine the critical injection rate during waterflooding in naturally
fractured reservoirs. An equation to determine the critical injection rate was developed to
scale up laboratory results to field dimensions. We found that optimization of the
injection rate is important prior to conducting waterflooding in naturally fractured
reservoirs. As the flow rate increases, contact time between matrix and fluid in fracture
decreases, thereby reducing the effectiveness of capillary imbibition. The imbibition
transfer is more effective for low injection rates due to lower viscous forces and longer
contact time with the matrix. Increasing injection rate beyond the critical injection rate
causes high water cut, which results in significantly faster water breakthrough.

In the third area, performance of the Spraberry reservoirs has been explored based
on reservoir characterization and laboratory investigations. Scaling of imbibition oil
recovery results to reservoir geometry indicates that higher oil recovery should have been
achieved during water flooding, although the Spraberry sands are weakly water wet.
Reasons for the poor performance of water flood were analyzed. Inflow performance of
Spraberry Trend wells has been analyzed using a new mathematical model developed for
wells intersecting long fractures. Computer simulation of a Spraberry waterflood pilot
has been conducted using laboratory measured parameters to understand Spraberry
waterflood performance.

We have made significant progress in analytical and numerical simulation of
performance in Spraberry reservoirs. Reservoir performance has been analyzed through
skin analysis in the Driver Unit wells, anisotropic fracture permeability response as
indicated by pressure test data, and numerical reservoir simulation. Application of a
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newly developed steady-flow-model to wells in the Driver Unit indicated that fluid
damage to the rock matrix is unlikely a crucial issue, while fracture permeability may
have altered due to pressure decline during oil production.

Buildup and step-rate tests have been analyzed to further characterize the reservoir
and define the proper reservoir management strategy. The buildup tests were taken at E.T.
O’Daniel Wells 38, 39, and 40. The analysis shows that the calculated permeability is in
the range of 0.01-0.04 md. The pressures determined from these tests are low and below
the MMP necessary for CO, flood. The step rate injection test to obtain formation parting
pressures were conducted in the new well injection wells E.T O’Daniel 46 and 47. The
parting pressure is conservatively estimated to be 2215 psia. The Analysis also indicates
that the fracture may propagate during the test.

The step rate injection tests were conducted in the new injection wells E.T
O’Daniel 46 and 47. The SRITs were conducted prior to the multi-well interference test
to determine the formation parting pressure. The analysis clearly demonstrates that the
fractures are stress-sensitive, one of the phenomena that influence the performance of
waterflooding in Spraberry Trend Area. The fracture parting pressure (FPP) was also
calculated using equation derived by Salazar and Kumar. The calculated FPP values were
then compared to the values obtained from the Step Rate Test analysis. The interference
tests were performed to determine the location of well candidates for CO, injectors. The
schematic procedures to analyze the interference tests by diagnostic plots and by using
interference analysis with two observation wells are given in this report. The result from
this study reveals that the E.T. O’Daniel pilot exhibits both isotropic and anisotropic
behaviors, depending on the degree of permeability ratio calculated at a particular
position within the pilot area.

We have described that the fracture length and fracture connectivity
(permeability) change due to pressure and stress effects based on a number of field tests
done on Spraberry wells. The field tests included constant pressure decline rate tests,
build up tests, step-rate tests, falloff tests and a multi-well interference tests. The tests
were carried out to minimize the risk of induced fractures, which can cause reduced
sweep efficiency and fluid losses to other non-pay zones. Results indicate that the fracture
systems are very stress-sensitive in the Spraberry formation, with fractures opening and
the effective permeability increasing at high injection rates.

We conducted Humble pilot simulation in order to derive necessary parameters
used for simulating waterflood and CO; injections in the E.T O’Daniel pilot. We have
determined the on trend and off trend fracture permeability and recommended where to
place the production wells relative to the fracture trend to have a fast and good waterflood
response. We performed another simulation study to analyze the response of surrounding
wells on tracer injection in the E.T O’Daniel pilot. The objective of this study is to
determine the fracture orientation and fracture permeability by matching the tracer
response (breakthrough time and peak concentration) collected from producing wells. The
analysis shows only four tracer concentrations near or exceeding 100,000 ppt in
producing wells due to tracer injection. The remaining wells have only shown weak tracer
response or the tracer wave is just beginning to arrive at the well. In the three wells with
high peak tracer concentration, tracer shows up in a few days after tracer injection. Tracer
breakthrough in this short time is usually indicative of fast communication in the
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reservoir via isolated natural fractures or extremely high permeability and thin intervals.
The results of the tracer simulation confirm fracture permeability is extremely high and
highly anisotropy. In addition, the fracture orientation obtained from the tracer study is
similar with the average orientation obtained from natural fracture counts in horizontal
core acquired in a near-by well.

Information from our previous study has been included into our full-field ET
O’Daniel Pilot Area simulation. The methods described here can be used to investigate
areas of Spraberry where little or no water injection has occurred. The results of this work
will provide a method to assess the economic feasibility of large-scale water injection in
the remainder of the field. It is possible to match most of the wells in the O’Daniel field
simulation by using the permeability anisotropy (K./Ky), permeability enhancement and
fracture orientation obtained from the tracer simulation in the O’Daniel field model. It
was also observed that the fracture trend obtained from this study show similar direction
as obtained from the interference test and horizontal core analysis.

In the last part of this section, we discuss the progress of the CO; pilot project
through the interpretation of logs from the observation wells in the E.T O’Daniel CO,
flood pilot. The purpose is to monitor the movement of CO, and saturation changes of oil,
water and gas in the upper Spraberry interval of E.T O’Daniel wells. Finally, the field
activity during CO; injection in the E.T. O’Daniel Pilot is reported in this section.

In the fourth area, efficiency of CO, gravity drainage has been investigated based
on laboratory experiments. Minimum Miscibility Pressure (MMP) was measured to be
1,550 pisg. IFT of the CO,/Spraberry oil under reservoir conditions was determined. The
IFT at the MMP is about 1.5 mN/m. We have completed several suites of CO, gravity
drainage experiments in Spraberry and Berea whole cores at reservoir conditions. The
results of these experiments have been useful in developing a mathematical model for
free-fall gravity drainage and have validated our premise that CO, will recover oil from
tight, unconfined Spraberry matrix. Carbon dioxide gravity drainage experiments have
been performed using two more reservoir cores. One of the experiments was conduced
with a simulated fracture around the whole core under high water saturation in the core.
The other experiment was conducted using a whole core with natural fractures under
gravity-stable displacement conditions. The result indicates that free water in the core
reduced the efficiency of CO, gravity drainage. The efficiency of CO; injection decreases
as permeability decreases and initial water saturation increases. Cyclic CO; injection
could enhance oil recovery during CO, gravity drainage process. Temperature does not
have a significant effect on oil recovery during the CO, gravity drainage process.
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FINAL TECHNICAL REPORT

1. RESERVOIR CHARACTERIZATION

1.1.  Geological Characterization of the Spraberry Formation
Introduction

Spraberry reservoirs are typically low porosity, low permeability fine sandstones and
siltstones that are interbedded with shaly non-reservoir rocks. Large scale geological
characterization of Spraberry reservoirs has in general been limited to definition of
reservoir targets based primarily on the shape and strength of the gamma ray response
(GR).! Some information has been published on lithology and reservoir heterogeneity,
but there has been very limited work performed concerning detailed description and
understanding of individual reservoirs and units within the Spraberry. Basing reservoir
models primarily on gamma response has several drawbacks: different amounts and
types of clays emit different levels of radioactivity, distortion in GR response can be
caused by the presence of potassium feldspar, micas, and accessory minerals like rutile
and zircon, and, GR curves provide little information on the presence of
porosity-occluding authigenic minerals like calcite and quartz. Therefore, one can either
erroneously assume that all high gamma response units are poor quality reservoirs, or that
all low gamma responses correspond to clean sandstone, when neither may be true. To
accurately define relationships between lithology, reservoir quality, and log response,
various techniques were used to examine the Spraberry Trend Area reservoir and
non-reservoir rocks.

During the first year, most work has been directed at understanding the vertical
heterogeneity of lithofacies. Cores from three Upper Spraberry wells were evaluated by
various techniques including X-ray diffraction (XRD) analysis, Scanning Electron
Microscopy (SEM), petrographic analysis, detailed minipermeameter analysis, and log
evaluation. The three main wells that have been used as a sources of information for
geological characterization are the Arthur Judkins A#5, the Shackelford 1-38A, and the
E.T. O'Daniel #37.

Core Analysis

Detailed lithologic studies of cores were performed using a variety of techniques.
Petrographic thin sections were cut from cores from three wells. An attempt was made to
obtain representative material from all the various lithologies, however most of the thin
sections were made from the reservoir portions of the Spraberry 1U unit. Point counts
were made from most thin sections to assess framework and cement mineralogy.
Diagenetic features were described. Additional detailed analysis of certain portions of
the core were made by XRD and SEM analysis. XRD was done to determine clay
mineralogy and the relative proportions of clay minerals within the various rock types,
also to identify fracture-filling minerals. Scanning electron microscopy was used to
examine pore structure and also to perform qualitative identification of various mineral



phases. Minipermeameter measurements were performed using a close spacing of half
to one inch separation between measurements. This close spacing of measurements
allowed for observation of permeability variability at small scales, as well as creating
relatively long sequences of measurements in a log profile type showing larger scale
behavior that is easily correlated with wireline logs. An analysis of the relationship
between log behavior and reservoir quality is presented, using supporting evidence from
the core analysis.

Results

Figures 1.1-1 through 1.1-5 present a series of log profiles for the petrographic data,
minipermeameter measurements, and gamma ray logs from the Shackelford 1-38A core
that cover the 1U unit (7083-7093 ft) of the Upper Spraberry. Also included are
cross-plots for some petrographic data showing the principal quality controls on porosity.
Figure 1.1-1 shows log tracks of permeability, porosity, and the gamma ray log. It can be
seen that there is a reasonably close relationship between the porosity and the gamma ray
curve, however not everywhere does the high gamma ray (usually corresponding to high
clay content) correspond to a low porosity. The same can be seen from a
permeability/gamma ray plot. The two arrows in the porosity plot point to depths that, by
gamma ray curve interpretation alone, would be probably considered to be an oil
saturated sand unit. A look at porosity logs shows that these zones are also low porosity
and should not be included in net pay calculations.

By examination of log profiles of various components, it is possible to determine
lithologic variations that correlate to the gamma ray response. Figure 1.1-2 shows a log
of porosity, gamma ray response, and percent clay (determined by point count). High
gamma ray values, in general, correspond to high percentages of clay. Especially in
tracking the sandy ten feet of the 1U unit (7083-7093 ft) along each log, it is noticeable
that the sections with lowest amounts of clay have the highest overall porosities of the
1U. The two sand peaks and the high GR of the shale layer in between are easily
correlated to the clay content derived from petrographic data and the minipermeameter
measurements. However, at 7076 feet, there is a GR low that corresponds to a region of
lower porosity. In Figure 1.1-3, it can be seen that a high percentage of carbonate cement
is completely occluding the porosity of this layer. Figure 1.1-4 combines both the
carbonate and clay matrix. As can be seen, the log track of the combined totals of percent
clay and carbonate very closely parallel the track of porosity with depth.

Figure 1.1-5 shows a comparison of the relative contributions of percent clay matrix and
percent carbonate cement to the overall reservoir porosity degradation. It can be seen
that there is a reasonably well defined trend of increasing clay and decreasing porosity.
The contribution of carbonate cement is less obvious, but it is clear that rocks with a high
proportion of carbonate cement usually have low porosities and indeed there are a few
layers within the 1U that are almost entirely carbonate. Gamma logs alone will not
provide enough information to define these zones, and additional logs are necessary in
order to delineate the best reservoir rocks within the Spraberry. Data from core analysis
agree well with the log analysis presented in the following section. If effective porosity is



plotted against shale volume, it is found that there are three basic groups of rock in the
Upper Spraberry: one with porosity <7% and shale volume >15% (mostly mudstones and
siltstones), one with porosity <7% and shale volume <15% (dolostones and dolomitic
siltstones), and the reservoir pay zones that have shale volume of <15% and porosity
>7%. Additionally, log and core analysis demonstrates that the best pay zone targets are
most probably those that show considerable thickness, good porosities and a low GR
response. Thin layers showing very low GR values are very common within the
stratigraphic column but these are not considered to be significant contributors to overall
reservoir quality because of their relatively insignificant volume and the fact that many of
the low gamma ray zones are also low porosity carbonate-rich layers.

Diagenesis

Detailed petrographic analysis of diagenetic events has not yet been completed.
Preliminary results showing results of XRD investigations on clay mineralogy are
presented here.

Clay Diagenesis

Hoffman and Hower’ proposed a time-temperature model for illitization of smectite with
increase of depth. Such models have been found applicable to other geologic and
petroleum studies of sedimentary rocks and basins of Miocene age or older,*” thus should
apply to the Permian-aged Spraberry. In a previous study of the Spraberry Formation,
Houde® mentioned that XRD analysis of rocks contained primarily illite and kaolinite.
Part of Houde's investigation is a very complete study on source bed geochemistry of the
shales in the Spraberry Formation. In this work, Houde calculated temperatures from the
present geothermal gradient of the area, which indicate that the minimum temperature at
which the Spraberry was exposed is at least 63°C and could be as much as approximately
77°C near the base of the core studied. His kerogen coloration data agrees well with the
previous geothermal gradient calculated temperatures, which showed that the Spraberry
was exposed to temperature ranges at which initial generation of oil should begin. The
temperature information suggests that the potassic clays in the Spraberry Formation
should have compositions smectite to randomly-ordered mixed illite/smectite (R=0 (I/S))
region, assuming that clay behavior is similar to Gulf Coast models of smectite
diagenesis.’

In the present study, however, clay assemblages (Table 1.1-1) show very small amounts
of smectite and illite/smectite mixed layer (typical of the ordering range mentioned
above) clays. Instead illite and chlorite are more abundant. These results are supported by
additional XRD data from Reservoirs Inc. for the E.T. O'Daniel # 37 and Shackelford #
1-38A wells, and suggest that perhaps Spraberry clays may have been exposed to higher
burial temperatures than previously believed. There are several alternate explanations.
Smectite may have been relatively insignificant in abundance in the original detrital
sediments. Additionally, brine chemistry and pressure are also important controls on
clay diagenesis and can accelerate or slow various reactions. Without a more complete
study of polytypes assemblages and clay mineralogy data from younger and older rocks



within the stratigraphic sequence as well as age equivalent rocks of different burial
depths, it is difficult to interpret properly clay mineralogy data.

Some lines of evidence do relate the clay mineralogy of this formation to diagenetic
alteration of smectitic detrital clays with increase with burial depth and temperature.
First, the geological setting of a basin fill rich in argillaceous material and organic matter
is a common setting for highly smectitic clays.® Second, there is a significant amount of
partially dissolved or altered K-feldspar to provide a source of potassium necessary to
drive the reaction of smectite to illite. This reaction in turn liberates a number of cations
such as Si, Mg, Ca, and Fe. The assemblage of diagenetic minerals within the Spraberry
rocks examined (to be discussed in more detail in future reports) includes quartz,
dolomite, and ferroan dolomite. These cements could easily be byproducts of the
smectite/illite conversion. Also, organic matter present might be associated with the
production of acidic fluids and CO, that in turn are responsible for widespread
dissolution of grains and cements (secondary porosity enhancement). Although the
temperatures found® are considered good enough for a first stage of ordering polytypes
(smectite-to-R=0 I/S) (based on Hoffman and Hower model®), the assemblages of clays
found in our study with dominant amounts of illite and chlorites and absence of good
amounts of expandable layers, resembles better the higher temperature polytypes. This
ambiguity could be solved by pursuing XRD analysis of unoriented samples, and sample
examination of younger and older strata.

Fracture Diagenesis

Study of the diagenesis of natural fractures can provide useful information about the
timing of natural fractures, as well as something of the nature of the fluids and
relationships to cements in the matrix rock. Fractures within the Spraberry Formation are
both mineralized and unmineralized; to date, two samples of mineralized fractures have
been examined petrographically, as well as two unmineralized fractures.

Paragenesis of a large (>1 mm wide) mineralized fracture, recovered from a depth of
7088 feet in Shackelford # 1-38A consists of the following sequence:

After fracturing, a thin layer of minerals was precipitated on fracture walls. This layer
consisted of quartz and dolomite in subequal proportions, with dolomite being more
abundant. The minerals were precipitated into void space, as evidenced by the presence
of many euhedral crystal faces and terminations, only possible where minerals are
growing into unoccupied (or fluid-filled) space. This early generation of mineralization
utilized the grains of the matrix as nucleation sites, quartz growing on detrital quartz
grains and dolomite growing on detrital and authigenic dolomite within the matrix.
When examined by UV fluorescent light microscopy, it is clear that there are at least two
generations of dolomite cement within the sample aside from the original detrital
carbonate grains; one generation (the first) has a brownish fluorescence while the second
generation does not fluoresce. It is nonfluorescing dolomite that forms one of the early
fracture cements, whereas fluorescing dolomite comprises a significant proportion of the
dolomite in some thin sections. The early fracture mineralization only comprises a layer



about one crystal thick within this fracture.

The bulk of the mineralized fracture is comprised of the mineral barite (Ba(SO)4), a
common fracture-filling mineral. The barite may possibly have replaced precursor quartz
and dolomite, there are inclusions of both minerals within the fracture. As well as
inclusions of these minerals, the barite contains numerous 2-phase fluid inclusions (liquid
and vapor phase). In one area of the thin section, a fourth mineral phase is present as a
surface lining on the barite crystals. This is a very fine-grained, highly birefringent
material. It may be very finely crystalline dolomite, anhydrite, clay (unlikely), or
possibly even some kind of drilling mud; it is too fine-grained to be identified with
certainty through standard petrographic microscopy. The smooth, draping quality of this
coating indicates possible deposition from a liquid (as opposed to growth as a crystal),
and it could possibly be some component of the drilling mud.

A second thin section from Sun Oil Co. Hutchinson #7 contained several hairline
fractures that were both mineralized and unmineralized. The mineralization in the
fractures appears to be exclusively nonfluorescing carbonate, possibly dolomite, and no
barite was seen. This thin section contained numerous fossil echinoderm fragments
which may have been a source of Ca for fracture mineralization. The unmineralized
fracture terminated against the mineralized one, suggesting formation at a later period.
More fractures will need to be examined before any significant conclusions can be drawn
concerning fracture timing, sources of cementation, and relationships between
mineralized and unmineralized fractures and lithology.

Fracture Model

Reasons for fracturing may be varied, but one possible model is that fracturing was
caused by overpressuring. The gradual increase in burial depth produced an increase in
compaction, pressure, and temperature. The Spraberry Formation is dominantly fine
clay material with minor amounts of fine sands and siltstones, a typical lithologic
environment for production of significant overpressuring. Clay sediments mixed with
organic matter are characterized by having the highest initial porosity. Burial compaction
and diagenesis of this material usually results in almost total destruction of porosity
within the clay sediments accompanied by a remendous loss of fluids. At the same time
the principal vertical stresses are being increased by burial, the pore pressure mainly
within the sandy, less porous and more competent layers of the formation are increasing
because of migration of a large volume fluid derived from shale dewatering and possible
diagenesis. These conditions probably caused the necessary reduction of principal
effective stresses to a level where enough unconfinement’ is created to give way to
fracturing. Pressure solution features, typical of overpressured sands, have been found
during petrographic analysis. Also, matrix free sandy siltstones and very fine sandstones
show the effect of compaction and grains show both flat and concave-convex contacts.
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Table 1.1-1— XRD Analysis, Parts in 10

Depth (ft) illite chlorite kaolinite
7069.4 4 1 1
7081.6 2 1 |
7082.6 2 1 1
7083.5 3 2 |
7085.7 2 1 ---
7087.4 4 1 1
7090.6 3 1 -
7092.1 3 1 -
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Fig. 1.1-1—Log tracks of permeability, porosity, and the gamma ray. 1U pay sand
occurs from 7082-7092 ft.
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Fig. 1.1-3—A high percentage of carbonate cement is completely occluding the porosity
at a depth of 7076 ft even though gamma-ray response indicates sandstone pay.
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1.2 Core-Log Integration for Characterization of the Spraberry Trend
Shaly Sands

Abstract

In this section, Spraberry Trend Area reservoirs have been characterized with emphasis
on identification of oil-bearing sands based on core-log correlation. Integration of
extensive geological and petrophysical data presented in the previous section into a
modern shaly-sand log interpretation model has been performed to characterize the
Spraberry Trend. Quantitative cut-off criteria based on core-log integration was
developed which allows log based identification of thin, oil-bearing intervals suitable for
hydraulic fracture treatment. The Archie parameters (a, m, and n) have been derived from
core data to improve log-derived water saturation. Core-derived porosity and water
saturation have been compared with log-derived values for the purpose of identification
of oil-bearing intervals. We present a log based rock model which distinguishes pay and
non-pay zones. This allows definition of true net pay throughout the Trend regardless of
depositional environment. The results from this investigation provide recommendations
for logging suites that will allow a better description of thin pay sands which characterize
the Spraberry Trend throughout the Midland Basin. The methodology developed may be
used primarily to understand the areal extent and pinch-off of productive intervals and the
water saturation within the pay intervals.

Introduction

The tremendous areal coverage and large amount of remaining oil warrant further
investigation to expend all possible process options before large numbers of Spraberry
wellbores need to be plugged and abandoned (Schechter et al'” ). Identification and
mapping of the thin pay zones that comprise Spraberry Trend pay is an important first
step when considering any IOR process in the future.

Mardock & Myers'* and Lyttle & Ricke' first published techniques for evaluating the
Spraberry Trend using radioactive and induction logs. These efforts provided reasonable
results for distinguishing lithologies. However, quantitative analysis was not possible at
that time. Since then, many interpretative techniques have been developed. Fairly recent
studies of the Spraberry Trend were carried out by Tyler & Gholston'® and Guevara®.
These studies attempted to ascertain the distribution of the sedimentologic attributes of
Spraberry Trend by analysis of the shape and magnitude of the gamma ray log.
Quantitative shaly-sand log interpretation and core-log integration was not presented.
Several authors” 2° provide a qualitative geological characterization of the Spraberry
Trend depositional sequences, however no quantitative log analysis is available to map
these sequences, especially the thin, oil-bearing pay zones.

On a lease basis, the pay sands are relatively easy to recognize yet correlation of pay

sands throughout the Trend has not been attempted. Thousands of wells have been
completed in the Spraberry Trend Area in the last 45 years. The logs run in many of these
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wells are old, cased-hole gamma-ray, sometimes with a porosity log and in many cases, a
porosity log may not be available. We therefore need to develop methodology whereby
pay zones can be distinguished in areas where 1) no core is available, 2) a porosity log
may or may not be available and 3) perhaps the only log available might be vintage,
cased-hole gamma-ray.

In this investigation, we demonstrate the applicability of modern shaly-sand log analysis
in determining net pay as observed in three recent core wells discussed in Section 1.1.
We recommend a logging suite which provides the most reliable technique for net pay
determination. This investigation will clearly show that true reservoir rock (primarily
massive/clean siltstone) in the Spraberry Trend Area cannot be identified by gamma-ray
response alone. We also provide the methodology to convert old cased-hole gamma-ray
logs into porosity logs. Good agreement is demonstrated between generated porosity logs
and actual porosity logs. Finally a rock-model is presented which identifies essentially
three rock types:

e Rock Type A - massive, clean siltstone, low clay and dolomite content and
strongly fluorescent, low water saturation

e Rock Type B - low clay, high dolomitic content with weak or no
fluorescence and high water saturation, and

e Rock Type C - muddy clay rich zones that do not fluoresce.

The methodology presented provides the basis for mapping the extent, thinning and
pinch-off of Rock Type A pay intervals throughout the Midland Basin for Upper
Spraberry, Lower Spraberry (Jo-Mill) or Dean reservoirs. The methodology used in this
investigation integrates the following data: ultraviolet photographs of whole core, thin-
section analysis, minipermeameter measurements, whole core analysis, open and cased-
hole logs.

Archie Parameter a, m, and n

Log interpretation models are sensitive to the uncertainity in both m and n. m and n are
usually derived from core data. It was reported that the Archie parameter a is a weak-
fitting parameter with no physical significance and can generally be set to unity (Maute et
al”®). According to Aguilera®, m should be relatively small (ranging from about 1.1 to
1.3) for naturally fractured systems. m and n values were derived from Spraberry core
data. Based on our analysis (Banik & Schechter®), we found that the value of m is 1.35
for the upper pay zone, 2.49 for the upper non-pay zones, 1.10 for the lower pay zones,
2.22 for the lower non-pay zones and 2.41 for the Dean zones. Similarly, the value of # is
1.74 for the lower pay zones, and 1.15 for the lower non-pay zones. Therefore overall m
and » values for the Spraberry Trend Area are 1.66 and 1.46.
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Core Analysis

Upper Spraberry core from the Shackelford 1-38A, Judkins “A” No. 5 and the first DOE
pilot well the E.T.O’Daniel # 37 were available for this investigation. The cores were
examined to determine gross lithologic properties and to correlate core properties with
the wireline response in addition to development of a rock model. Thin-sections were
made to determine the distribution of microscopically visible porosity and for
investigation of diagenesis, cementation etc., as reported in Section 1.1. Porosity, water
saturation and permeability were obtained from whole core analysis®. Permeability
distribution in the main pay was measured by minipermeametry and found to correlate
well with whole core analysis. Minipermeameter measurement of the entire pay zone
indicated that the matrix by itself is relatively homogeneous, usually in the range of 0.1 to
1.0 md. The two main pay zones 1U & 5U (each is approximately 8-15 ft in thickness
separated by 150 ft. of non-pay) were clearly identified by oil fluorescence and are
indicated in the log shown in Fig. 1.2-2.

Core-Log Integration

Effective water saturation and effective porosity were calculated from shaly-sand log
interpretation using both conventional m & n (m=2 & »=2) and core derived m & n
(m=1.66 & n=1.46). It has been observed that conventional m & n values overestimate
the water saturation, whereas water saturation calculated using core derived m & n values
shows good agreement with core measured water saturation (Fig. 1.2-1). It has also been
observed that for the Spraberry Trend, the Automatic Compensation Method (ACM)° and
the Fert]®® method of shaly-sand interpretation performs better than the Dual water
method®. Effective water saturation calculated from the Dual Water method is much
higher than the effective water saturation calculated from the ACM and the Fertl method.

Shaly-Sand Log Interpretation

Volume of shale was calculated from gamma-ray logs using the Larionov non-linear
relationship’. The result was compared with ultraviolet observation of fluorescing
intervals. The fluorescent intervals show a clear distinction between oil bearing sand and
muddy zones containing no oil due to sharp contrast seen at the interface between these
lithologies. Effective porosity was calculated from log data, and was cross-plotted along
with volume of shale on a modified shaly-sand producibility chart to determine if the
volume of shale is high enough to drastically reduce producibility. Based on fluorescing
intervals observed in the core along with the modified shaly-sand producibility chart, we
contend that shale volume less than 15% and effective porosity greater than 7% provide
accurate cut-off criteria for identification of fluorescing intervals in Spraberry Trend Area
reservoirs. Thin-section analysis confirms the cut-off criteria by observation of visible
porosity in oil bearing intervals whereas no visible porosity is observed in the non-pay
muddy zones.
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Identification of the Pay Zones

We previously demonstrated™® that classic shaly-sand analysis could accurately quantify
thin fractured pay zones which characterize the Spraberry Trend. The acquisition of core
data reaffirmed our analysis that Upper Spraberry net pay consists of two primary, thin
(8-15 ft) pay zones, the 1U and 5U. We mentioned previously that sharp contrast is
observed by fluorescence between shales containing no oil and the 1U and 5U pay zones.
The 1U and 5U pay zones are easily identified by integrating whole core analysis and
open-hole logs into a calibrated shaly-sand model. However, there is inconsistency with
the 2U, 3U and 4U zones shown in Fig.1.2-2 through Fig. 1.2-5. Gamma-ray cut-off
criteria indicate these zones are pay, yet core data demonstrates these zones are not pay.
To resolve this dilemma, volume of shale was correlated with neutron-density, sonic and
bulk-density porosity logs. It has been observed that the porosity of the 2U, 3U and 4U
zones which have low gamma-ray response, is less than 7%. Thin-section point counts
presented in Section 1.1 indicates a large concentration of dolomite in these zones. Thin
section analysis also reveals that the porosity of the 2U, 3U and 4U zones is drastically
reduced due to dolomitic cement, thus effectively rendering these zones as non-pay. A
closer look at porosity logs is necessary to distinguish low gamma-ray zones which are
oil saturated and those zones which contain no oil.

Effective Porosity from Different Log Suites

Thin section results indicated the necessity of refining porosity cut-off. Different
porosity logs (both open-hole and cased-hole) have been investigated to confirm the
above mentioned cut-off criteria for identification of the pay zones. Sonic, bulk-density
and neutron-density cross-plot porosity along with gamma ray log were utilized in this
study to isolate and differentiate pay and non-pay zones that demonstrate similar gamma
ray response.

Open-Hole Logs

The E.T. O’Daniel lease consists of 2,100 acres in the middle of the Spraberry Trend
Area. This relatively small lease is the site for the pilot CO, project. Fig. 1.2-2 is an
example of open-hole log from the E.T. O’Daniel #37 (Upper Spraberry). Fig. 1.2-2
shows shale volume derived from gamma ray response using the non-linear Larionov
relationship (Asquith®). Fig. 1.2-2 also shows neutron, density and bulk-density porosity
logs along with the neutron-density cross-plot porosity. The effective porosity derived
from the neutron-density cross-plot clearly identified 1U and 5U pay zones having
porosity >7%, whereas the 2U, 3U, 4U zones which have low amounts of clay and
porosity less than 7% due to dolomitic cement. This result correlates well with point
count data presented in Fig. 1.2-3.

Fig. 1.2-3 is an example of an open-hole log from the E.T. O’Daniel # 26 (Upper

Spraberry). Fig. 1.2-3 shows the gamma-ray and volume of shale as was seen in Fig. 1.2-
2. A bulk-density log was run in this well. Bulk-density clearly indicates much greater
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density in the 2U, 3U and 4U zones than in the 1U and 5U zones. Matrix density for
sandstones and quartzites is 2.65, for limey-sands or sandy-limes is 2.68, for limestone
2.71 and for dolomites 2.87 (Dewan'® ). Higher bulk-density indicates lower porosity.
Effective porosity, calculated from bulk-density accurately distinguishes between the 1U
and 5U pay zones with porosity >7% and the 2U, 3U and 4U zones with porosity <7%.
Fig. 1.2-3 also shows reduction of caliper log in the 1U and 5U pay zones whereas there
are no changes are evident in the caliper log for the 2U, 3U and 4U non-pay zones. This
indicates borehole diameter is reduced due to mudcake buildup. The presence of
mudcake itself is proof of the presence of permeability in the 1U and 5U pay-zones. Mud
losses are generally observed in the 1U and 5U pay zones. This observation correlates
with the observation that natural fractures tend to occur in the pay zones and terminate at
gradual or sharp non-pay contacts. This suggests that natural fractures tend to be
concentrated in the pay zones. Mudcake is likely to accumulate within the fractures.
Fracture indications may be obtained from the density correction curve'!. Since the
density correction curve corrects the density log for effects of rough borehole and mud
cake, the density correction curve may be affected by mud in the fractures and indicate a
correction in the 1U and 5U pay-zones, which tends to confirm the presence of open
fractures in the 1U and 5U pay zones (Fig. 1.2-3).

Fig. 1.2-4 is an example of an open-hole log from the E.T. O’Daniel # 28 (Upper
Spraberry). This log suite consists of gamma ray and sonic transit time. Volume of shale
was derived from gamma ray log as before and porosity was derived from sonic transit
time. Sonic transit time in the 2U, 3U and 4U is lower than in the 1U and 5U pay zones.
Lower transit time indicates lower porosity. Sonic transit time is 1) 54 usec/ft for
sandstone, 2) 49 usec/ft for limestone and 3) 44 usec/ft for dolomite (Dewan'’ ).
Effective porosity calculated from sonic transit time also indicates high porosity (>7%) in
the 1U and 5U pay zones and low porosity (<7%) in the 2U, 3U and 4U non-pay zones.
Thus effective porosity cut-off of 7% accurately differentiate 1U and 5U pay zones from
2U, 3U and 4U non-pay zones.

Porosity Generation from Gamma Ray Log

We have shown that sandstone zones with low gamma-ray response and high percentage
of carbonate cement can be distinguished from pay by effective porosity derived from 1)
neutron-density cross-plots, 2) bulk-density log, and 3) sonic transit time log. However,
it is possible that only old cased-hole gamma ray logs might be available. But for
accurate log-based identification of pay zones, the minimum requirement is a gamma ray
log and any porosity log. So we made an attempt to generate porosity logs from gamma
ray logs using established cut-off criteria as presented in previous sections. Fig. 1.2-4
shows sonic transit time generated from the gamma ray log and is compared with the
original sonic transit time log. Good agreement is observed between original sonic transit
time log and the generated sonic transit time log from the gamma ray log.

Cased-Hole Log
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Fig. 1.2-5 is an example of a cased-hole log from the O’Daniel “G” # 1. This log consists
of gamma ray log and old neutron log (API). Fig. 1.2-5 shows that the neutron log
accurately distinguishes the 1U and 5U pay zones from the 2U, 3U, and 4U non-pay
zones. The neutron log shows high CPS (count per second) in the 2U, 3U and 4U non-
pay zones. High neutron counts indicates low porosity.

Log Based Rock Model

A rock-log model* has been developed to identify the highest quality pay intervals using
available open-hole well log data. Volume of shale was cross-plotted against effective
porosity in Fig. 1.2-6. Three general rock types have been identified, of which only one
can be classified as pay. Rock Type A has volume of shale <15%, and porosity >7% with
little dolomitic cement and strongly fluoresces. Rock Type B has volume of shale <15%,
yet the porosity <7% and primarily occluded by dolomitic cement and may be weakly
fluorescent. Rock Type C has volume of shale >15% and does not fluoresce. Rock Type
A is the primary reservoir rock (1U and 5U) in the Upper Spraberry. This rock type
consist of mainly massive/clean siltstone. This rock type fluoresces strongly under
ultraviolet light, has high oil saturations and visible porosity is observed as seen in thin
section photographs. Rock Type B has low volume of shale and low porosity occluded by
dolomitic cement as shown in Fig. 1.2-6., and is considered non-pay (2U, 3U and 4U
zones). This rock type mainly consist of siltstone and dolomite and fluoresces weakly
relative to the 1U and 5U. Rock Type C is non-pay mudstones with high shale volume.
Rock Type C does not fluoresce under ultraviolet light. The schematic representation of
the log based rock model is given in the Table 1.2-1.

Potential for Fractured Zone Identification

Fig. 1.2-7 shows the effective porosity derived from neutron-density cross-plot and
compared with core derived porosity for the DOE pilot well E.T.O’Daniel # 37 (Upper
Spraberry). Comparison of core measured porosity with log derived porosity may be
helpful in determining the zones that may be fractured in the reservoir. In this method, it
is assumed that the core represents porosity in the matrix. The neutron-density cross-plot
is assumed to read total porosity (both matrix and fracture). Consequently, the difference
between the two porosity curves is interpreted as near wellbore fracture porosity. From
Fig. 1.2-7, it is observed that, in the intervals 7230-7240, there are indications of fractures
due to the separation of the core-measured and log-derived porosity curves. It is also
observed from Fig.1.2-7 that for the interval 7230-7240, log derived water saturation
(total water saturation) is higher than core-measured water saturation (matrix water
saturation), which may indicate the presence of water-filled fractures. These intervals
were confirmed to be fractured by analysis of the whole cores and a FMI log. However,
this analysis does not distinguish between drilling induced and natural fractures. Both
coring induced and natural fractures were observed in the pay interval.
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Conclusions

The success of shaly-sand analysis now provides quantitative methodology to map the
thin pay sands that comprise the Spraberry Trend Area. This technique can be applied to
the entire Trend to understand pinch-off and thinning of the sands near the fringe of the
basin or channel sand development or disappearance. The following conclusions were
reached based on a detailed investigation for identification of pay zones using core-log
integration:

1.

10.

Volume of shale <15% and effective porosity >7% provides adequate cut-off criteria
to identify and differentiate pay zones from non-pay zones.

Volume of shale is derived from gamma ray using the non-linear Larionov
relationship and effective porosity can be derived from 1) neutron-density cross-plots,
2) bulk-density logs and, 3) sonic transit time, etc.

Porosity logs can be generated from cased hole gamma-ray logs where no porosity
logs may be available.

In the E.T. O’Daniel area, the 1U and 5U are the pay zones in the Upper Spraberry.

The 2U, 3U and 4U, even though the gamma ray appears favorable, is composed of
siltstone with dolomitic cement occluding the porosity thereby rendering these zones
as non-pay.

Utilization of new values of m & n integrated with shaly-sand interpretation has
proven effective for identification of thin fluorescing intervals and the water
saturation within these intervals. The interpretation was confirmed by whole core
analysis.

The Automatic Compensation Method and the Fertl method of shaly-sand analysis
performs better than the Dual water method in the Spraberry Trend Area.

Porosity exponent m, separation between log-derived porosity and core-measured
porosity, and separation between log-derived water saturation and core-measured
water saturation may be a good fracture indicator for the Spraberry Trend.

The pay-zones are relatively homogeneous and composed predominantly of quartz
and feldspar with some dolomite. Clay minerals are mostly illite.

The methodology presented allows basin-wide mapping of the thin, fractured siltstone
intervals which are oil saturated.

18



Nomenclature

GR = gamma ray log, APIL.
VSHL = volume of shale.
CALI = borehole caliper log, in.

RHOB, RHOZ= bulk-density log, gm/cc.
DPHI, DPHZ = density porosity log, pu.

INTT = sonic transit time log, usec/ft.

INTT (GR) = sonic transit time log derived from the GR, psec/ft.

NPHI = neutron porosity log, pu.

PHIE = effective porosity corrected for shale.

PHIEX = effective porosity derived from the neutron-density cross-plots porosity.

BDPE = effective porosity derived from the bulk-density logs.

NEUT = old neutron logs, APL

m = porosity exponent.

n = saturation exponent.

a = cementation factor.
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Table 1.2-1—Log Based Rock Model
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Siltslone Dolomite +|Siltstone Shale + Dolomlte + Siltstone
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Fig. 1.2-1—Log-derived water saturation calculated using conventional and derived m
and n values and compared with core-measured water saturation (Upper Spraberry,
Shackelford 1-38 A). Sharp contrast between pay and non-pay is observed by
fluorescence at a depth of 7092 ft. Geological characterization of this interval is found in
Figs. 1.1-1 through 1.1-5.
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1.3 Acquisition of Horizontal Cores from the Dual Lateral E.T.
O’Daniel #28

Introduction

Natural fractures existing over a regional area have long been known to dominate all
aspects of performance in the Spraberry Trend Area'. However, there is little or no
information on the actual fracture system other than: orientation, on a gross basis, from
pulse and/or tracer tests in the 50’s and 60’s, and fracture spacing inferred from
simulation and a few existing vertical cores. Previous descriptions and old core reports
did not distinguish between natural and coring induced fractures, thus almost all
information from the early years, when almost all Spraberry data was obtained, provides
no detailed information on the natural fracture system. The first vertical core, taken as
part of the current program in 1993 from the Shackelford Spraberry Unit #1-38A,
intersected a vertical natural fracture with significant mineralization that had clearly
grown into unoccupied space. This open, mineralized fracture was contained within a thin
pay sand and was observed to terminate at a shale parting. This fracture was the first
documented evidence of the existence of mineralized natural fractures within the pay
sand.

The orientation, containment within zone, degree of mineralization, fracture aperture and
spacing are important questions when considering fluid flow in naturally fractured
reservoirs. However, after considerable data gathering, it became apparent that only
superficial characterization of the natural fracture system was available. Recent
acquisition of the horizontal core has radically altered understanding of the natural
fracture system in the Spraberry Trend Area. This well, the E.T. O’ Daniel #28, was
cored with the intent of intersecting natural fractures in the thin sand streaks where oil
saturation is found in the Upper Spraberry. Over 100 natural fractures were intersected
from the 1U and 5U pay zones exhibiting an intriguing and diverse array of fracturing
behavior.

Geology

The Spraberry formation was deposited during the Permian age within the Leonardian
system in the Midland Basin, a part of the province known as the Permian Basin of west
Texas and southeast New Mexico. The depositional environment consisted of a
combination of turbidity and density currents sourced from the northwestern shelf area.
The Spraberry formation facies can be characterized as submarine fan and basin plane
deposits and consists of very fine grained sandstones to coarse grained siltstones and
mudstones. The various fan complexes can be traced to the north in Dawson and Lynn
counties and are considered the source material for the fan lobe sequences within the area
of study in eastern Midland County.

Since its discovery, the Spraberry has been subdivided into three principal intervals, the
lower, middle and upper Spraberry formations. In the late 1980's, Tyler and Gholston
further subdivided the Spraberry intervals to represent distinct episodes, or operational
units, within each of the submarine fan complexes (Fig. 1.3-1)%. Six of these units were
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found in the Upper Spraberry and two in the Lower Spraberry. Only two of the six
horizons in the Upper Spraberry (1U and 5U) have been identified as containing reservoir
quality rock capable of making significant production contributions.

The proposed target of the horizontal core was the natural fractures within the main pay
intervals of the 1U and 5U sands. Net pay within each of these zones averages between 8
and 14 ft. depending on location. Unfortunately, logs run following the coring of the 1U
interval confirmed that the core had actually come from a thinner (2-3 ft.) pay section,
within the 1U interval, located 6-8 ft. above the main pay. Further explanation is found in
Section 1.4.

Core Acquisition

One of the primary objectives in obtaining horizontal core was to provide direct
measurement of fracture orientation and spacing, therefore, the well plan called for both
laterals to extend perpendicular to the assumed fracture trend in order to maximize the
intersection of natural fractures. The mechanics of obtaining the core in a horizontal well
proved to be not unlike that of coring a vertical well. In fact, the problems which
hampered horizontal coring operations were typical of problems commonly encountered
in coring vertical wells.

Curve Build Bottom Hole Assembly. The bottom hole assembly (BHA) utilized to drill
the curve on both the Upper Spraberry 1U and 5U targets was as follows: 6-1/2" PDC
bit, 5" O.D., 5/6 lobe 4 stage adjustable angle motor, flex sub, float sub with stainless
steel insert float, UBHO (Universal Bottom Hole Orienting) sub, and 2 non-magnetic
monel drill collars. The BHA was run on 3-1/2" IF drill pipe.

Coring Bottom Hole Assembly. The first BHA utilized to perform the coring operations
was configured as follows: 6-1/8" diamond core bit, 6-1/8" O. D. scribe shoe with slip
dog core catcher, 6-1/8" X 2-5/8" X 30' core barrel with aluminum inner barrel, 4-3/4" O.
D. monel drill collar with electromagnetic survey (EMS) tool inside, and 2 monel drill
collars (Fig. 1.3-2). The core bit was threaded onto the outer core barrel and was rotated
by the power swivel at the surface. The inner barrel, located inside the outer barrel, was
allowed to rotate independently through a bearing pack assembly. The scribe shoe, which
has three scribe knives in a symmetrical position around the circumference of the shoe,
was threaded onto the bottom of the inner barrel. The knives are used to keep the barrel
from rotating with the outer barrel. The other function of the knives is to scribe the core
with orientation lines as the core enters through the shoe into the inner barrel. The entire
assembly was run in the hole on 3-1/2" IF drill pipe. After core run #1 in the 5U sand
failed, the bit design was changed from a standard diamond design to a 6-1/8" X 2-5/8"
PDC design. One monel collar was dropped from the drill string. After core run #4 in the
5U sand , the core catcher assembly was strengthened by adding a basket catcher and a
split ring catcher. The basket catcher was dropped from the assembly after core run #5.

Orientation Tool And Procedure. The electronic survey instrument chosen to orient the

recovered core is a three axis system utilizing accelerometers and magnetometers to
determine well bore inclination, well bore direction, and core barrel scribe knife
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orientation. Information obtained from the survey is stored in memory and downloaded at
the surface after each core run. The tool is capable of storing over 7,700 readings, has no
attitude or heading limitations, and is programmable over a wide range of timing
intervals, allowing for greater flexibility. The orientation assembly consists of an
instrument pressure barrel, rotating centralizers, and spacer bars to correctly space the
tool inside the non-magnetic drill collar (Fig. 1.3-2). The survey instrument is calibrated
electronically prior to its arrival on location.

Core barrel alignment is accomplished by placing an orientation mark on the assembly
distinguishing the high side of the survey instrument and aligning it to the main scribe
knife in the scribe shoe. To accomplish this, the outer barrel is suspended at the surface
by the rig blocks. The inner barrel is then removed and a protractor is aligned with the
main scribe knife. The inner barrel is then lowered and a mark is placed on an orientation
rod attached to the top of the inner barrel. The survey instrument is threaded onto the
orientation rod, the marks on the rod and the instrument assembly are aligned, and the
tool is set in place through the use of set screws. The core barrel assembly is then
screwed back together and run in the hole.

Well Plan And Coring Proposal. The well plan called for a curve with a dogleg severity
(DLS) of less than 19°/100 ft. to minimize deflection of the core. A radius of curvature of
400 ft., providing a DLS of 14.32° /100 ft. was chosen to optimize drilling time and to
allow maximum flexibility. The proposed hole diameter of the curve was 6-1/2" O. D. to
increase tool string mobility if the DLS became critical. Planned weight on bit (WOB)
was from 3,000 Ibs. to 5,000 Ibs. Rotary speeds were to operate in the range of 35 RPM
minimum to a maximum of 65 RPM.

The Upper Spraberry 5U casing exit called for a section cut from 6,788' to 6,858' with a
proposed kick off point (KOP) of 6,838'. The true vertical depth (TVD) of the 5U target
was projected to be 7,238' TVD. The Upper Spraberry 1U casing exit called for a section
cut from 6,639' to 6,709' with a proposed KOP of 6,689'. The 1U target was projected to
be 7,089' TVD.

Original plans were to cut and retrieve 150 ft. of 2-5/8" diameter oriented core from each
zone in 30 ft. increments. Clean out and TVD correction runs were to be performed as
needed, based upon core recovery and mud log information.

Upper Spraberry 5U Casing Exit and Curve Summary. A 7- 5/8" cast iron bridge
plug (CIBP) was run in the hole via electric wireline and set at a depth of 6,890 ft. A 75
ft. section of the 7-5/8" casing from 6,788 ft. to 6,863 ft. was then milled out using a 7-
5/8" section mill. A caliper log was run across the interval to verify the actual amount of
casing removed. For the cement kick off plug, a slurry of class “C” w/1% CaCl, was
pumped and allowed to set for 24 hours to attain sufficient compressive strength for kick
off. The plug was then tagged with the drill string to locate the top of cement. Upon
tagging the plug, the top was found below the proposed KOP, necessitating pumping a
second plug. After another 24 hour curing period, the plug was tagged and dressed off to
the KOP of 6,838 ft.
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The curve build BHA was made up on the surface and run in the hole to the KOP.
Circulation was established with a fluid rate of 50 gallons per minute (gpm) and an air
rate of 150 gallons per minute equivalent (gpm eq.) at the motor. The build section was
drilled on an azimuth of 167 degrees from 6,838 ft. measured depth (MD) to 7,488 fi.
MD resulting in a radius of curvature of 414 ft. with a DLS of 13.85 degrees /100 ft.

Upper Spraberry 5U Coring Summary. The first coring assembly was made up on the
surface and run in the hole to the KOP. Circulation was established with the foamed
air/brine mixture, the assembly was run to bottom, and coring operations were initiated.

The Upper Spraberry 5U sand was cored and drilled from 7,488 ft. MD to 7,931 ft. MD
for a total of 443 ft. with a net core recovery of 169 ft. (Figure 1.3-3). Core run #l
resulted in zero recovery and an extremely low ROP of 35.3 min./ft. The bit design was
changed from a standard diamond core bit to a 6-1/8" X 2-5/8" PDC design, increasing
ROP tremendously. Core runs #2 and #3 resulted in 58 ft. of core recovery. Core run #4
was successful but the core was lost when the core catcher assembly failed at the surface
during breakdown procedures. The catcher design was changed from a single slip dog
catcher to a triple assembly consisting of a slip dog catcher, a basket catcher, and a split
ring catcher. Core run #5 resulted in a 20 ft. recovery. Determining that the catcher
assembly was too conservative, the basket catcher was dropped for subsequent core runs.
Core run #6 resulted in only 6 in. of recovery due to rubble in the hole. After a clean up
run, core runs #7 - #9 resulted in 89.5 ft. of recovery which terminated coring operations
in the 5U.

Upper Spraberry 1U Casing Exit and Curve Summary. A 7- 5/8" retrievable bridge
plug (RBP) was run in the hole via electric wireline to a depth of 6,750 ft. but set
unsuccessfully. The plug and setting tool were removed from the hole and a second plug
was successfully set at 6,750 ft. with two sacks of sand on top of the plug. A 30 ft.
section of the 7-5/8" casing from 6,609 ft. to 6,639 ft. was milled out using a 7-5/8"
section mill. A caliper log was then run across the milled interval to verify the actual
amount of casing removed. For the cement kick off plug, a slurry of class “C” w/1%
CaCl, was pumped and allowed to set for 24 hours to attain sufficient compressive
strength for kick off. The plug was then tagged with the drill string to locate the top of
cement. Upon tagging the plug, the top was found below the proposed KOP, necessitating
pumping a second plug. After another 24 hour curing period, the plug was tagged and
dressed off to the KOP of 6,612 ft.

The curve build BHA was made up on the surface and run in the hole to the KOP.
Circulation was established with a fluid rate of 50 gpm and an air rate of 140 gpm eq. at
the motor. The build section was drilled on an azimuth of 157.7 degrees from 6,612 ft.
MD to 7,330 ft. MD resulting in a radius of curvature of 457 ft. with a DLS of 12.53°
/100 ft.

Upper Spraberry 1U Coring Summary. The coring assembly consisting of a 6-1/8" X
2-5/8" PDC bit, scribe shoe with slip dog and split ring catchers, 6-1/8" X 2-5/8" X 30
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core barrel with aluminum inner barrel, 4-3/4" monel drill collar with EMS survey tool,
4-3/4" monel collar, and crossover sub was made up and run in the hole on 3-1/2" IF drill
pipe to the KOP. Circulation was established with the foamed air/brine mixture, the
assembly was run to bottom, and coring operations were initiated.

The Upper Spraberry 1U sand was cored and drilled from 7,330 ft. MD to 7,727 ft. MD
for a total of 397 ft. with a net core recovery of 226 ft. (Fig. 1.3-3). Core runs #1 and #2
resulted in net core recovery of 62 ft. Core run #3 resulted in net recovery of 8 ft. before
the core barrel jammed with black shale, indicating that the well path was out of zone.
After a clean out and TVD correction run, core runs #4 - #8 resulted in a net recovery of
153 ft. Core run #9 resulted in a net recovery of 3 ft. before the barrel jammed and
coring operations were terminated.

In summary, acquisition and orientation of the horizontal core was a mechanical success.
Drilling procedures, in fact, proved to be not unlike that of coring a vertical well.
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1.4 Fracture Analysis of the E.T. O’Daniel #28 Horizontal Core

Three distinct fracture sets, trending NNE, NE, and ENE, are present in cores from the
1U and 5U reservoirs.! NE fractures are commonly mineralized with barite and are found
only in the 1U reservoir. Unmineralized NNE and ENE fractures occur in the 5U
reservoir. Unmineralized ENE fractures are also more widely distributed within the black
shales overlying both the 1U and 5U reservoirs, and locally near the top of the 1U unit.
However, no fractures are present in the black shales underlying either reservoir. Each
fracture set has its own characteristic and distinct patterns of 1) spacing, 2)
mineralization, 3) distribution with respect to lithology, 4) surface characteristics, and 5)
distribution of strikes. Therefore each fracture set is most likely to have resulted from a
separate stress event. Aspects of these fractures that are important to production are as
follows: 1) fracture strikes are segregated by reservoir unit 2) NE fractures are typically
partially mineralized, but mineralization is absent in this set at the base of the 1U
reservoir 3) none of the NNE or ENE fractures are mineralized 4) no fractures are present
in the shales underlying both reservoirs, but ENE fractures occur in shales overlying both
reservoirs.

Orientation. Three distinct natural fracture orientations are present in these horizontal
cores, trending approximately NNE, NE, and ENE (Table 1.4-1).

Although the total range of strikes for each fracture set is about 25 degrees, the
distribution of those strikes varies by set (Figs. 1.4-1 and 1.4-2). Most of the NE fractures
occur within a narrow range (5 degrees) of distribution while most of the ENE fractures
fall within a somewhat broader (20 degree) distribution of strikes. The ENE fracture
strikes are relatively scattered within the total range of nearly 30 degrees.

Stratigraphic and Lithologic Controls. All 28 NNE fractures occur within the 5U
reservoir, while the entire set of 46 NE-striking fractures is contained within the 1U
reservoir. Fractures of the ENE fracture are not confined to either the 5U reservoir or to
the sandy facies of either reservoir, although they are more common in the 5U unit.
Eleven of the ENE fractures are present within the good 5U reservoir facies, seven ENE
fractures are present near the top of the 1U reservoir in silty zones of poor florescence,
and eleven more ENE fractures are present in the black shale facies overlying both the
1U and 5U reservoirs. No fractures of any set are present in any of the long cores taken
from the black shale facies below either reservoir.

Spacing. The NNE fractures are very closely spaced. The average ENE fracture spacing
is significantly larger, more than double that of the NNE fractures. NE fractures also have
a wide average spacing similar to that of the ENE fractures (Table 1.4-2).

Each fracture set has a distinct pattern to its spacing distribution. The spacing

distribution for the NNE fracture set (Fig. 1.4-3) conforms to the log-normal pattern
typical of regional fractures; i.e., numerous closely spaced fractures and fewer widely
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spaced fractures. The ENE fracture set (Fig. 1.4-3) has somewhat fewer of the fractures
spaced less than one foot apart, but has a significant number of fractures within the one
foot to three foot range. These ENE fractures are widely and irregularly scattered
throughout the Spraberry formation, and the tail on the ENE fracture distribution
histogram is significantly longer than that for either the NNE or NE sets, extending to 13
feet (Fig. 1.4-3).

In contrast, the NE fracture set is relatively regularly spaced (Fig. 1.4-3). The spacing
distribution histogram for the NE fracture set shows relatively few and nearly equal
numbers of both closely and widely spaced fractures, a narrow range of spacings, and a
dominance of intermediate spacings of one to four feet. This fracture set is much more
evenly distributed within the formation than either of the other two sets, or than is typical
of regional fractures.

Apertures, Mineralization, and Surface Characteristics. Only fractures of the NE
striking set (and thus only fractures in the 1U reservoir) contain obvious mineralization.
This mineralization is inferred to be barite, and varies in extent from complete filling of
original fracture apertures less than a millimeter wide to a complete absence of
mineralization along hairline cracks in the intact rock. Most of the fractures of this set
contain some mineralization with the average percentage of filling being on the order of
75%. Where fractures are incompletely mineralized, patches of barite with local crystal
faces and rosettes are common, indicating open porosity and permeability pathways at
depth. Most of the unmineralized NE fractures occur near the base of the 1U reservoir.
This relationship is consistent in both intervals where the base of the 1U was cored.
Although the reason for this local absence of mineralization is presently unclear, it may
be related to local geochemical environments caused by segregation of hydrocarbons and
formation waters.

In contrast, none of the ENE or NNE fractures contain mineralization, even in those few
intervals where they occur in conjunction with mineralized NE fractures. Rather, the ENE
and NNE fractures have gray or brown-stained surfaces that are distinct from the fresh,
irregular, coring-induced breaks in the rock. Microscopic crystalline overgrowths may be
present on some of the sand grains lining these surfaces.

The ENE fracture surfaces tend to be planar and smooth, whereas many of the NNE
fractures occur as anastomosed or en echelon fracture segments with rough fracture
surfaces and mm-scale en echelon fracture offsets. Preferred trend to the en echelon steps
suggest incipient right-lateral shear.

The NNE and ENE fractures appear as hairline cracks in the core surface where the core
has remained intact across the fracture surfaces. This is suggestive of significant in situ
conductivity capability along the fractures.

Possible Fracture Origins. The average strikes of the NNE and ENE fractures are

respectively 11 degrees counterclockwise and 27 degrees clockwise from the average
strike of the NE fracture set. This initially suggests that these three fracture sets might be
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interpretable as 1) a conjugate pair (the NNE and ENE fracture sets), with 2) a related NE
fracture set sub-parallel to the bisector of the acute angle between the conjugate pair.
Relatively small changes in stress conditions between the two reservoir units and/or
subtle differences in the mechanical properties of the two units would have sufficed to

create parallel vertical extension fractures in one bed and a related conjugate pair in the
other bed.

However, in addition to the fact that the NE set does not precisely bisect the strike angle
between the other two sets, there are several arguments against this interpretation:

1. Only the NNE set of the supposed NNE-ENE conjugate pair shows signs of the shear
stress (the en echelon steps and offsets) that should accompany conjugate fracturing.

2. The ENE half of the pair occurs throughout the formation (except in the shales below
the reservoirs), and commonly as the only fracture set present, rather than being
limited in distribution to an association with the NNE half of the pair. The ENE
fractures show no indications of a shear stress origin.

3. The NE set of fractures is mineralized whereas the other two sets are not: this
suggests that the NE fracture set had formed and was mineralized prior to the
formation of the other two sets under non-mineralizing conditions.

4. Each of the three fracture sets has its own distinguishing characteristics (including
unique spacing and orientation distributions, surface characteristics, and distributions
with respect to lithology), which separate the fracture sets and suggest that each
formed under a different condition of stress and/or lithification.

5. One, albeit ambiguous, intersection between fractures of two sets was cored, this
intersection suggesting that a NNE fracture terminates against, and is therefore
younger than, an ENE fracture, rather than being part of a contemporaneous pair.

The conjugate sets theory is simple and clean and it has not been abandoned entirely, but
it seems untenable based on these observations. An alternative but somewhat
cumbersome interpretation is to suggest three separate fracture events, with the
mineralized NE fractures being oldest, the ENE fractures of intermediate relative age, and
the NNE fractures youngest. If the stress orientations have not changed since the
formation of the youngest fractures, the maximum horizontal in situ compressive stress
should then, theoretically, parallel the youngest fracture set. While this interpretation
seems uncomfortably complex for this deep basin area of minimal structure, it would
seem to best explain the data as presently understood.

Correlation of Core Fractures to Wellbore Image Log. A wellbore image log was run
in the horizontal hole along the upper 1U interval. Although the images seem to be of
good quality, there is an unsettling ambiguity in the correlation of log and core fractures
(Fig. 1.4-4).

In order to analyze this ambiguity, a six inch tolerance was used (i.e., an imaged fracture
is assumed to correlate to a fracture in core if it is within plus or minus six inches of the
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measured core depth), and only the intervals where both core and log data are available
were considered. In this interval, there are 24 fractures in core that have no correlative
fractures at the equivalent depth in the image log, and 36 fractures in the image log that
have no equivalents in the core. A maximum of only 15 fractures are definitively present
in both the core and the image log, no matter what depth shifts are applied. Fracture
swarms and isolated fractures in core, which should have made easily recognizable
patterns in the image log and thus provided good core-log tie points, have not left
similarly-obvious patterns on the image log.

Nevertheless, the overall fracture strike trend indicated by the image log is nearly aligned
with the average of the fracture orientations measured in core. The secondary trend of
ENE fractures in the core is also present in the image log, within the approximately
correct measured-depth intervals.

The reasons for agreement in strike without a one-to-one correlation of individual
fractures are unclear. Stretch during conveyance of the imaging tool and the common
depth ambiguity of cores make exact depth determinations difficult and may explain
some of the discrepancy. However these factors can not account for the significant over
count of fractures (133%) made by the image log relative to the natural fractures in core.
It has been suggested that the log is seeing fractures that were missed by the naked eye
during minute core examination (unlikely, and which moreover would be insignificant to
production if present). However, the images on the log do not indicate that any of the
fracture apertures are significantly less than others. Coring induced fractures that formed
in the wellbore but not in the core might also explain the apparent over count, but with
the present images it is not possible to distinguish these from natural fractures. Moreover,
this would not account for the mineralized fractures that are present in the core but not
apparent in the image log.

In general, the patterns of fracture positions and the numbers of fractures in the core and
image log are not compatible, although the average fracture strikes are. This suggests that
image logs should be calibrated with core wherever possible.

Conclusion

Acquisition of this core unequivocally documents numerous, closely spaced natural
fractures in the reservoirs of the Spraberry formation and led to the following major
conclusions: 1) Three distinct fracture sets, trending NNE, NE, and ENE, are present in
the cores from the 1U and 5U reservoirs. NE fractures are commonly mineralized with
barite and are found only in the 1U reservoir. Unmineralized NNE and ENE fractures
occur in the 5U reservoir. 2) Each fracture set has its distinct pattern of spacing,
mineralization, distribution with respect to lithology, surface characteristics and
distribution of strikes. Therefore each fracture set is most likely to have resulted from a
separate stress event. 3) There was an unsettling ambiguity in the correlation of the
fractures found in the core and the fractures found on the well bore image log.
Orientation of the fracture sets from the core and logs were similar, however, there was a
significant over count (133%) of fractures made by the image log relative to the natural
fractures in the core.
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Table 1.4-1—Fracture Orientation

Average Strike Total Range of
Fracture Set (deg) Strikes (deg)
NNE 32 20-45
NE 43 35-50
ENE 70 50-85

Table 1.4-2 — Fracture Spacing

Spacing Range Average
Fracture Set (ft) Spacing (ft)
NNE 0.05-4.50 1.62
NE 0.73-5.75 3.17
ENE 0.04-13.0 3.79
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NNE set: (Set 2)
Minimum
Average
Maximum

ENE set: (Set 3)

Minimum 60°
Average 70°
Maximum 85°

Fig. 1.4-1—Orientation of fractures in the 5U reservoir.

NE set: (Set 1)
Minimum
Average
Maximum

Fig. 1.4-2—Orientation of fractures in the 1U reservoir.
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1.5 Investigation of Fracture Diagenesis from Core Spraberry Natural
Fractures

This section summarizes diagenesis studies of the horizontal core and other fractures in
the Spraberry database. We seek to answer a number of questions that have been posed
about Spraberry fractures, including fracture spacing, fracture aperture, nature of
mineralization, fracture paragenesis, relationship of fracture cements to diagenetic events
within the rock matrix, what effect fractures and their diagenesis may have had on nearby
rock matrix, and what controls, if any, the rock matrix exerts on the occurrence of the
fractures.

Fractures have been examined in a number of cores at a variety of scales. Most work has
been done at the core scale, where fracture spacing, orientation, vertical extent of
fractures, and presence or absence of mineralization has been documented. Petrographic
thin sections have been made from a number of fractures, both mineralized and
unmineralized, and most recently, some fracture surfaces have been examined by SEM.

Results and Discussion

Descriptions of the various fractures from different wells follow. Refer to Table 1.5-1 for
description of natural fractures, and Fig. 1.5-1 for a type log from a Spraberry well
showing units and stratigraphic position of the fractures discussed in this report.

Hutchinson #9

One length of fractured core was obtained from this well from a depth of 6850 ft. No log
was available, but based on core depth and rock composition, this sample is believed to
be from the Clearfork shale immediately overlying the upper Spraberry. The rock matrix
is a very hard, dense, black dolostone. The fracture is unmineralized, but appears to be
natural. Evidence for a natural origin of fractures in this core includes the presence of
round microfossils that are broken sharply by the fracture and with no matching portion
across the fracture. This implies either movement along the fracture (difficult to
determine in this very homogeneous dolostone) or dissolution of material from within the
fractured area. Additionally, fracture hackle plumes indicate an area of origin outside of
and unrelated to the core itself. Fracture aperture is 0.05 to 0.08 mm.

Hutchinson #7

Two fractured cores were obtained from this well. Both were from the middle Spraberry
(Fig. 1.5-1). One core from the middle Spraberry contains a mineralized fracture
approximately 1 ft long from a depth of 7448-7449 ft. The fracture cuts across
lithological boundaries between siltstones and mudstones, but terminates on both ends in
zones that become increasingly clay-rich. Three thin sections were made from this
interval. The uppermost thin section consists of a carbonate grainstone/packstone
underlain at a sharp contact by a very fine-grained argillaceous siltstone to mudstone.
There are three distinctive diagenetic zones noted in this thin section; the lowest, a
terrigenous mudstone, the middle, a silicified grainstone, and the uppermost, a carbonate-
cemented grainstone. Diagenetic zonation indicates that, at least locally, interbedded
clay-rich units provide a source for silica cements in siltstones. The next thin section
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downward in the core contains a fine siltstone that grades down into a very fine-grained
siltstone interlaminated with argillaceous siltstones and mudstones. The lowermost thin
section is a very fine siltstone/mudstone containing abundant detrital clays, micas, and
organic matter. The fracture filling in all thin sections is calcite. Fracture width ranges
from 0.06-0.08 mm wide up to about 0.16 mm at its widest, and length is about 250 mm
long. The widest part of the fracture is in the uppermost thin section, in the coarsest
grain-sized material. There are void spaces within the fracture filling; some are
apparently open in the subsurface, as there are euhedrally terminated carbonate crystals
growing in the pore space. There is an open crack within the fracture that parallels
fracture boundaries in one of the thin sections, but it is not apparent whether this is open
in the subsurface. The fracture cuts through several very different lithological
boundaries, including boundaries between clean and dirty siltstones, siltstone and
mudstone, and from a medium-grained fossiliferous grainstone that is strongly silicified
to a very fine-grained terrigenous mudstone. Little change in fracture character is
apparent at these lithological boundaries.

The finely-laminated siltstones have a few bedding plane fractures. These openings are
partially occluded by very fine-grained gypsum. Some of these partings do break through
the primary vertical fracture, but there is no mineralization at the juncture to determine
relative timing of fractures or mineralization.

The other middle Spraberry fractured core is from a depth of 7645-7647 ft, and it
contains a fracture set showing an intersection at a 60 degree angle. Both fracture
directions are mineralized; again, the only fracture-filling phase appears to be calcite.
Four thin sections were made from this fracture zone. The uppermost portion of the
fracture is within a laminated mudstone siltstone unit, with laminae defined by increasing
and decreasing amounts of detrital clay and organic matter. One fracture terminus is
present in one of the thin sections. Fracture width at the tip is only about 0.004 mm wide
and the fracture detours around harder framework grains, making a path through the less
competent clays and micritic dolomite cement. As the fracture continues, it widens and
begins to break through grains, and as less clay-rich laminae are encountered the fracture
becomes straighter and wider, up to 0.04 mm wide. Fracture character does change
somewhat as laminae are crossed, becoming narrower and more sinuous in the clay-rich
layers and wider and straighter in harder, more quartz-rich layers. The fracture is multi-
strand in places, and there are parts of the fracture that contain no mineralization. Calcite
crystals look corroded in places, as if dissolution had occurred.

Hutchinson #1

There is one large mineralized fracture in the core from this well. The fracture is about 2
ft long and is from the depth interval 6945-6947 ft. No log was available for this well,
but fracture characteristics and matrix lithology are consistent with that seen in the 1U
Spraberry interval in other wells. Mineralization in the large fracture includes quartz and
dolomite as the earliest-precipitated phases, a later-precipitated coarsely crystalline
barite, and a very finely crystalline mineral identified using qualitative waveform
dispersive spectroscopy (WDS) as finely crystalline dolomite. The fracture forms the
edge of the core sample and the other side is not available, so information on fracture
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aperture is not available. Parallel to the large mineralized fracture is a much less obvious
fracture that appears unmineralized in hand specimen. Petrographic examination shows
the presence of significant quartz mineralization in the form of euhedral quartz crystals
within this fracture and along its edges. The fracture is wider and more meandering than
the hairline fractures seen in the Hutchinson No. 7 well and contains many fragments of
matrix rock. The maximum fracture width is about 0.45 mm, but the average aperture of
a single strand is about 0.08 mm. This type of fracture would contribute a significant
amount of porosity and permeability to a sample, and is almost invisible to the casual
observer of a core. Matrix rock in this fractured interval is a clean, very fine
sandstone/siltstone with some clay-rich layers and evidence of bioturbation.

E. T. O'Daniel #37

There are two principal fractured intervals noted in this core. The most easily-identified
natural fracture set is at 7134-7136 ft, within the upper Spraberry 3U sand. Several
calcite-filled hairline fractures were noted in the interval. Fracture width in thin section is
about 0.16 mm, but there is a gap running along the fracture, and actual filling width is
about 0.03 mm wide. Fracture length is about 250 mm (1 ft). There are small fracture
strands parallel to the main fracture that are also calcite-filled; these are completely
mineralized. The sides of the fracture do not match exactly, indicating that the gap may
be open in the subsurface.

The other main zone of fracturing is in the interval from 7226 ft to 7234 ft. The fractures
are above and within the 5U pay zone. Fractures are not mineralized, but were identified
as natural fractures.” Several thin sections were made from this zone, some in the
horizontal plane and some in the vertical plane. One feature that was noted from thin
section analysis is that fractures are not simple planes, but zones, and an individual
fracture is composed of short segments that may or may not be joined in the plane of the
thin section. Connections between fracture segments may be simple or complex. Also,
the fracture can split into bands or zones of disrupted rock. The widest single fracture is
about 0.04 mm wide and zones of fracturing ranged from 0.14 to 0.5 mm in width.

E. T. O'Daniel #28 (horizontal core)

This well was originally drilled as a vertical well, but was redrilled as a horizontal well
for this project as described in previous sections. Two intervals were cored within the
upper Spraberry. Although it was believed that one of the cored intervals was the
Spraberry 1U main pay zone, an increasing body of evidence indicates that this cored
interval is mostly within one of the two small sands that overlie the main 1U pay zone
(Fig. 1.5-2). This evidence will be presented in a following section. The other cored
interval from this well was the 5U.

Both cores were logged for fracture orientation, fracture spacing, and large scale features.
These are summarized in Figs. 1.4-1, 1.4-2, 1.4-3, and 1.5-3. A few pieces of core were
recently made available for detailed petrographic examination. One sample was obtained
from each of the cored intervals.
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Most fractures in the 1U cored interval are mineralized, and the average orientation of
these fractures trends N43E. Fracture spacing is about 3.17 ft, and the fracture
orientation is quite uniform. There are a small number of unmineralized fractures that
trend N70E and are only seen in the overlying black shale intervals that were penetrated
in this coring operation. Surfaces of both these fracture sets are smooth and show no sign
of shear as described in Section 1.2.

SEM examination of one of the mineralized fractures shows that there are at least three
fracture-lining mineral phases. Quartz and dolomite are the earliest deposited phases, and
mineralization is nucleated on quartz grains and dolomitic cements that are adjacent to
the fracture opening. The sample examined in SEM contained more quartz than
carbonate cement, and approximately 30% of the fracture surface was lined with quartz
cement. Crystal size is still fairly small, and there is still a significant amount of
intergranular and intercrystalline porosity available to permit the flow of fluid between
rock matrix and fracture. Barite forms a later fracture-filling phase and appears to form a
much more significant barrier to fluid flow. Barite crystals are quite large, up to a
millimeter or more in size, and they can completely cover the underlying matrix.
Examination in SEM reveals almost no porosity within barite crystals. The paragenetic
sequence exhibited by the fracture is similar to that seen in 1U sandstone from the
Hutchinson #1 and Shackelford #1-38A.°

Fractures within the 5U appear to be mostly unmineralized. One fracture sample was
selected because it did appear to have some mineralization, but examination by SEM
revealed that the mineral was halite, probably left over from evaporation of reservoir
brine. 5U fractures show two distinct orientations, N32E and N70E. Both sets are
unmineralized. The N32E set is only seen within the coarser clastics of the 5U, while the
N70E set is seen within the clastics and the fine-grained black shales that overlie the SU.
N70E fractures have a spacing of 3.79 ft on average (Fig. 1.4-3). The N32E fracture set
has a spacing of 1.62 ft on average and distribution is log-normal. This fracture set has
surfaces that are rougher and show evidence of a shear origin, unlike any of the other
fracture sets.*

Conclusions

The examination of naturally-occurring fractures in several vertical Spraberry cores and
the horizontal cores obtained from the E. T. O'Daniel #28 demonstrates unusual
complexity for a fairly homogenous and structurally uncomplicated reservoir. Fractures
were noted in three main orientations, with two different surface morphologies, and
having two kinds of mineralization or none at all. Fracture aperture has not yet been
measured for the horizontal core, but thin section measurements show widths of 0.05-
0.08 mm in mineralized fractures. The horizontal core was invaluable in providing
evidence on fracture orientation, spacing, aperture, and mineralization within the 1U and
5U, but many questions still remain to be answered concerning the origins of the various
fracture sets, the relationship of the fracture network to rock matrix, and its effects on
reservoir production.
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Table 1.5-1—Summary of Naturally Fractured Cores

Well Name Depth of Fracture Formation Zone Pay/ Comments
Interval (ft) Nonpay

Hutchinson #9 6850 Clearfork NP  junmineralized
Hutchinson #7 7448 Middle Spraberry NP  [calcite
Hutchinson #1 7645 IMiddle Spraberry NP [alcite, 60 set
Hutchinson #1 6945 Upper Spraberry 1U P barite
E.T. O’Daniel #37 7135 Upper Spraberry 3U NP  [calcite
E.T. O’Daniel #37 7226-7234 Upper Spraberry 5U P unmin.
E.T. O’Daniel #28 7330-7226 MD Upper Spraberry 1U P/NP |parite
(horizontal core) 7082—70892 TVD
E.T. O’Daniel #28 7851-7928 MD Upper Spraberry 5U P/NP  unmin.
(horizontal core) 7230-7250 TVD
Shackelford #138A  [7088—89 Upper Spraberry 1U P barite
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Fig. 1.5—Type log of Spraberry in the O'Daniel lease, showing various stratigraphic
divisions and the approximate stratigraphic positions where various fractured core
samples were obtained. Texas Bureau of Economic Geology subdivides the 1U of the
Spraberry into several subunits, of which the b-c sand is the most important pay zone. We
refer to this sand as the main 1U pay. Logs from our type log area (E.T. O’Daniel lease)
show two small sands off center above the main pay. We refer to these as the first and
second sands above the 1U.
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Fig. 1.5-3 —Summary of fracture characteristics noted in the two horizontal cores from
the E. T. O’Daniel #28 well for both pay and non-pay lithologies.
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1.6 Application of Rock-Log Model to the Horizontal Core Well

During the first year of this project, we developed a rock-log model for identification of
pay zones in the Spraberry Trend Area reservoirs based on vertical cores and logs
(reference 3 in section 1.3). This section demonstrates the capability of the rock-log
model using logs from a horizontal well.

Log Analysis

Figure 1.6-1 shows the open-hole logs from the E.T.O’Daniel # 28 horizontal well
(Upper Spraberry). The volume of shale was calculated from gamma ray (GR) logs using
the Larionov non-linear relationship. Effective porosity was calculated from the bulk-
density log and integrated with whole core porosity.

As previously mentioned, there is evidence indicating that the upper cored interval of the
O’Daniel #28 horizontal well is not actually the main 1U pay zone, but is one of the two
thin pay sands that immediately overlie this zone (Fig. 1.5-2). A detailed comparison of
gamma logs from the vertical log of this well and the log that was made from the
horizontal redrilling shows that there is good correspondence of gamma peaks between
the two logs (Fig. 1.6-2). As the horizontal well begins its curve from vertical to
horizontal, the depths do not correspond, and the gamma peaks in the horizontal log
become broader and less sharp as the log reflects the increasing curvature of the hole.
Still, peaks have a good one-to-one correspondence, and the peak that constitutes the
major Spraberry sand encountered in the horizontal core does not correspond to the main
pay zone of the 1U, but to the second small sand that is encountered above the 1U. A
similar relationship can be seen when examining the lithodensity log. Dolomite zones,
corresponding to intervals of high bulk density, can be compared. Again, the main "pay"
interval is actually above the true 1U. We were unable to log the 5U lateral due to the
continual problem of tools getting jammed in the 5U curve.

Examination of the lithodensity-neutron crossover log provides further confirmation (Fig.
1.6-3). Within the logged interval, there are only three zones of crossover. The first is
small and occurs at a log depth of 7250 ft. The second zone of crossover is thicker, from
7360 ft to 7400 ft, and this corresponds to the second sand above the 1U. This is the zone
that was cored. Based on the hole geometry, the sand interval is only about three feet
thick, much thinner than the pay zone interval (10 ft) of the 1U sand as determined from
application of the rock-log model to the vertical log.

A fourth line of evidence supporting the argument that the primary 1U pay zone was not
actually cored in the horizontal drilling operation is the close correlation between the core
description and the well log after depth correction. At the top of core #1, 7330 ft core
depth and 7315 ft log depth, there is a 25-ft interval of non-pay, non-fluorescing
material. At a depth of 7355 ft (7340 ft log depth) sand percentage begins to increase and
the core has poorly developed fluorescence. This trend continues and corresponds with
the decrease in gamma count and a decrease in percent dolomite. At a measured depth of
7380 ft (7365 ft core depth), good fluorescence and the lowest gamma and bulk density
readings are encountered. This corresponds to the gamma low of the second thin sand
above the main 1U pay zone. At a core depth of 7425 ft, a sharp contact between
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fluorescing and non-fluorescing zones is encountered, again corresponding to the higher
gamma counts seen in the well log, which indicate a zone of increased shale content.

The horizontal core well penetrated the two sand stringers that overlie the true main 1U
pay zone. The reasonable production rates from this 3-ft thick zone are puzzling. The
well has produced water-free oil for several months, which is rare in a 40 year old
waterflood unit. There are two possible explanations. One explanation may be that the
various sands within the 1U are not in direct communication with each other. No natural
fractures were seen in the shaley zones below the cored sand; however, other fractures
from other cores do show continuity of fractures through small zones of lithologic
change, and it could be that such fractures were simply not encountered in the small
section of core that was taken from between the shale overlying the main 1U pay zone
(Fig. 1.5-3). Another possibility may be that production is controlled by fracture
intensity, and fracture density is higher within thinner competent beds than in the thicker
beds.

Also, crossplots of gamma ray vs. shale volume indicate that there is very little of the pay
sand classified as rock type A, based on the our rock-log model’ (Fig. 1.6-4). It can be
observed from the Fig. 1.6-4 that cut-off criteria previously developed from vertical well
logs can accurately quantify rock type in the horizontal well. Data points, where the
volume of shale is less than 15% and the effective porosity is greater than 7% (Rock
Type A) are sandiest part of the second sand above the 1U unit. Data points where the
volume of shale is less than 15% and the effective porosity is less than 7% (Rock Type
B) are from the marginal pay of the 1U sequence. Core data indicates these zones are
marginal pay. The porosity of these zones is drastically reduced due to presence of
dolomite cement. Data points where the volume of shale is greater than 15% are from
muddy non-pay zones of the Upper Spraberry as the horizontal wellbore traverses shale
zones (Rock Type C). Most data points from the 1U horizontal cores lie either in regions
B (marginal pay) or C (nonpay), atypical of reservoir rock from the main 1U pay.

Core Data Analysis

The Upper Spraberry 1U sand was drilled and cored from 7,330 ft. MD to 7,727 ft. MD
for a total of 397 ft. with a net core recovery of 226 ft. Core runs #1 and #2 resulted in net
core recovery of 62 ft. Core run # 3 resulted in net recovery of 8 ft. before the core barrel
jammed with black shale, indicating that the well path was out of zone. After a clean out
and TVD correction run, core runs #4 - #8 resulted in a net recovery of 153 ft. Core run
#9 resulted in a net recovery of 3 ft. before the barrel jammed and coring operations were
terminated?, Core tuns #1 & #2 are from 7,330-7,390 ft. Core tuns #3 & #4 are from
7,390-7,430 ft. Core runs #5 & #6 are from 7,587-7,643 ft. Core runs #7 & #8 are from
7,662-7,693 ft. and Core run #9 are from 7,722-7,726 ft.

Core analysis of these cores were performed by Reservoirs Inc.®> A surface gamma ray
log of the each core was recorded for downhole correlation. Full diameter ultraviolet and
natural photographs were taken for permanent record. Water and oil saturations were
determined by Dean-Stark Extraction. Porosity was determined using Boyle’s law.
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Horizontal and vertical permeability to air was measured using the Hassler Sleeve
Permeameter. Comparison of these cores are shown in Table 1.6-1.

Verification of Rock-Log Model

Integration of core and log data indicates that cut-off criteria for log-based Rock Type A
are similar to the rock properties observed in core runs #3 & #4 and #7 & #8. Cut-off
criteria for log-based Rock Type B are similar to the core runs #1 & #2 and #9, which are
considered as non pay. Cut-off criteria for the log-based Rock Type C are observed in
core runs #5 & #6, which are non-pay muddy zones. These core observations of oil
saturation in porosities greater than 7% verify the rock-log model developed based on
vertical wells.

Geological Steering

The correct placement of the wellbore within the pay zone has a crucial role in
determining the subsequent commercial success of a horizontal well. However, accurate
placement of horizontal wells in thin beds demands changes to present geometrical well
planning and drilling techniques. Logging-while-drilling (LWD) formation evaluation in
real time has opened up a powerful horizontal directional drilling technique-Geological
Steering. Typical LWD tools include GR, dual resistivities, neutron porosity, density
porosity, and ultrasonic caliper. Geological steering is the process of landing the well in
the target zone prior to drilling horizontally and maintaining the drainhole at the optimum
level within the pay.

Conclusions

The following conclusions were reached based on detailed integration and analysis of the
Upper Spraberry horizontal open-hole logs and core data from the well E. T. O’Daniel #
28:

1. The rock-log model, previously developed from open and cased-hole logs from
vertical wells, can be applied successfully to the new horizontal well drilled in the
Spraberry Trend and can be used successfully for placement of horizontal wells
within thin pay sands.

2. Horizontal core runs #3 & #4 and #7 & #8 from the upper part of the 1U main pay of
the Upper Spraberry, have been found to exhibit characteristics of Rock Type A
(massive clean siltstone, low shale volume, low bulk density, low water saturation
and with strong oil fluorescence).

3. Core runs #1 & #2 and # 9 are classified as Rock Type B (porosity occluded by
dolomitic cement and weak fluorescence).

4. Core runs #5 & #6 are Rock Type C (non-pay mudstones, high shale volume with no
oil fluorescence).
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Table 1.6-1—Comparison of Horizontal Cores Taken from the 1U Zone in the E.T.

O’Daniel #28

Core Run No. Porosity  Oil  Permeability Water Oil
(see Fig. 1.5-2) Fluorescence (md)

#1 <0.07 No <0.1 High
No

#2 <0.07 No <0.1 High
No

#3 >0.07 Strong >0.1 <0.20 <0.15

#4 >0.07 Strong >0.1 <020 <0.15

#5 <0.07 No <0.1 High
No

#6 <0.07 No <0.1 High
No

#7 >0.07 Strong >0.1 <0.20 >0.10

#8 >0.07 Strong >0.1 <0.20 >0.10

#9 <0.07 No <0.1 High
No
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zones correspond to the first and second sand above the 1U pay.
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1.00 Rock-Log Model (PHIE/VSHL)
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1.7 Pay Zone Identification Using Old Cased-Hole Logs

Introduction

We demonstrated in our first annual report* that classic shaly-sand analysis of open-hole
logs from Spraberry wells could accurately quantify thin fractured pay zones which
characterize the Spraberry Trend. Based on ultraviolet observations of fluorescing
intervals along with whole core analysis and open-hole log interpretation, we reported
that a shale volume less than 15% and an effective porosity greater than 7% provide
accurate cut-off criteria for identification of fluorescing pay zones in the Spraberry Trend
Area. We also reported a rock-log model developed for identification of the highest
quality pay intervals of the Spraberry Trend Area, using available open-hole well log
data. Volume of shale was cross-plotted against effective porosity. Three general rock
types were identified, of which only one can be classified as pay. Rock type A (1U and
5U of the Upper Spraberry) has a volume of shale less than 15% and an effective porosity
greater than 7%. This type of rock is the primary reservoir rock and consists of mainly
massive, clean siltstone, fluoresces strongly under ultraviolet light, has low water
saturation and visible porosity is observed in thin section analysis. Rock type B (2U, 3U
and 4U of the Upper Spraberry) has a volume of shale less than 15% yet the effective
porosity is less than 7%. This type of rock has a low volume of shale with porosity
occluded by dolomite cement. Rock type B mainly consists of siltstone and dolomite,
fluoresces weakly relative to the 1U and 5U and is considered marginal pay. Rock type C
has a volume of shale greater than 15%. This type of rock is composed primarily of non-
pay mudstones and has a high shale volume with no fluorescense under ultraviolet light.

In the second year of the project, we extended this open-hole log analysis to old cased-
hole gamma ray and neutron (API, count per second or no units) logs. Good agreement is
demonstrated between modern open-hole and old cased-hole logs for identification of
Spraberry pay. A new method of normalizing neutron logs is also presented in this
section.

Case-hole Log Analysis

Figure 1.7-1 is an example of a cased-hole log from the well O’Daniel “G” #1 from the
Spraberry Trend Area, and consists of an old gamma ray and neutron log in API units.
This figure shows that the old neutron (API) log accurately distinguishes the 1U and 5U
pay zones from the 2U, 3U, and 4U marginal pay and non-pay zones. The neutron log
shows high API in the 2U, 3U, and 4U marginal pay zones. High neutron API indicates
low porosity. Accurate porosity calibration is necessary to apply the cut-off criteria
derived from modern open-hole logs and core data to old cased-hole logs.

It is well known that for most old neutron logs, the counts per second or API unit is
approximately an inverse linear relationship to the logarithm of porosity.” Calibration
charts of neutron logs were available from some of the service companies but most
analysts found that relative calibration methods worked best most of time. In this
investigation, the neutron log was first normalized to a neutron index (NI). The NI is
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defined as a linear scaling of the neutron log (API or counts per second) between neutron
minimum and neutron maximum in the following form

_ Neutron,, — Neutron

1)

B Neutron ., — Neutron

To obtain quantitative porosity values, a correlation was constructed using NI = 0 as 26%
porosity and NI = 1 as 3% porosity on a semilog plot of porosity and NI, based on the
cased-hole log from well O’Daniel “G” #1. A relationship was obtained through
exponential regression and was used to calculate porosity from NI. The relationship is
given below:

Porosity = 026¢ 715" 2)

The porosity values were then corrected for matrix contribution (limestone matrix to
sandstone matrix), shale effect and hydrocarbon effect to obtain effective porosity.’

Discussion

The volume of shale was calculated from gamma ray logs using the Larionov non-linear
relationship. Figure 1.7-1 shows volume of shale (VSHL) and gamma ray (GR) on the
left hand side, neutron, API (NEUT), and effective porosity (NIP) calculated from
neutron APT on the right hand side. Figure 1.7-2 shows the cross-plot of volume of shale
vs. effective porosity, both calculated from old cased-hole gamma ray and neutron (API)
logs from the well O’Daniel “G” #1. Data points, where the volume of shale is less than
15% and the effective porosity is greater than 7%, are from 1U and 5U pay zones of the
Upper Spraberry (Rock Type A). Data points where the volume of shale is less than 15%
and the effective porosity is less than 7% are from 2U, 3U and 4U units. Core data
indicates these zones are non pay. The porosity of the 2U, 3U, and 4U zones is drastically
reduced due to dolomite cement, thus effectively rendering these zones as non-pay (Rock
Type B). Data points where the volume of shale is greater than 15% are from muddy non-
pay zones of the Upper Spraberry (Rock Type C).

This investigation shows that the cut-off criteria for identifying the Spraberry pay zones
and log-based rock model that we developed from modern open-hole log suites and core
data can be applied successfully to old cased-hole logs in the Spraberry Trend throughout
the Midland Basin.

Conclusions

The following conclusions were reached based on detailed analysis of old cased-hole logs
from the Spraberry Trend Area:

1. Old cased-hole gamma ray and neutron (API, counts per second or no units) logs can
be used successfully for identification of the naturally fractured Spraberry pay zones.
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2. Reliable quantitative porosity values obtained from careful calibration of open-hole
logs and core data, can be obtained from old cased-hole neutron (API, counts per
second or no units) logs.
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1.8 CORE INTERPRETATION AND SEDIMENTOLOGICAL ANALYSIS

Generalized Core Description

Two cores, E.T. O'Daniel 37 and Shackelford 138A, were examined in detail. Shown in
Fig.1.8-1 is the core description for E.T. O’Daniel 37 correlated to the gamma ray log. A
total of eight large-scale lithologic categories were delineated by this study. These
lithofacies are based on distinguishable sedimentary structures, textures, grain size,
primary mineralogy, and environment as inferred from these characteristics. The
following list shows the different lithofacies defined by this core analysis:

Textural Lithofacies for Fine Grained Deposits: Lithofacies L1: Massive, silty dolostone
and dolomite cemented siltstones. Lithofacies L2: Shales. Lithofacies L3: Thin bedded
argillaceous siltstone with lenticular or convolute lamination. Lithofacies L4: Bioturbated
argillaceous coarse-grained siltstone. Lithofacies L5: Parallel finely laminated siltstone.
Textural Lithofacies for Coarse Grained Deposits: Lithofacies L6: Thick bedded,
massive, very fine sandstones and siltstones. Lithofacies L7: Thin bedded, massive, very
fine sandstones and coarse siltstone. Lithofacies L8: Thin bedded, graded cross-
laminated, very fine sandstones and siltstones.

Textural Lithofacies for Fine Grained Deposits

Low energy deposits consist of siltstones, shaly laminated siltstones, thin layers of black
shale, and silty dolostone. These are volumetrically the most abundant lithofacies
comprising the upper Spraberry formation. The following lithofacies are observed in
Spraberry cores: Lithofacies L1: Massive, silty dolostone and dolomite cemented
siltstones. These are dark gray to black, massive, very well indurated, silty dolomite
mudstones and siltstones, which display massive or faint planar horizontal bedding.
Ripple laminae and contorted bedding are rare. Dolomite occurs both as locally abundant
or pervasive cement. Beds range from 1 to 3 ft thick and have sharp or scoured basal
contacts or grade into underlying sandstones. Dolomite cement severely limits reservoir
quality. Carbonate rocks are not very common in the analyzed cores. Lithofacies L2:
Shales. Shale beds are typically less than 2 ft thick and also grade into underlying
siltstones. The shales are structureless and are only locally disrupted by small, horizontal
burrows. Thin, isolated lenses of silt occur infrequently; the black color of these shales is
a function of their high organic carbon content. Organics occur in association with locally
abundant pyrite; phosphatic nodules are common. Shales are relatively abundant in the
Spraberry study cores:

Lithofacies L3: Thin bedded argillaceous siltstone with lenticular or convolute
lamination - These rocks are medium to dark gray colored argillaceous siltstones and
consist of thin (<0.5 ft) interbedded coarse siltstones and shales. They have poorly
preserved lenticular lamination. The siltstones are moderately well sorted. Most of the
original bedding within these rocks has been disrupted by soft sediment deformation.
Convolute bedding and pillow structures are common. Lithofacies L4: Bioturbated
argillaceous coarse-grained siltstone. These rocks are gray to black in color. The rock
groundmass consists of detrital clays that support scattered silt-sized grains of quartz and
feldspar. Bioturbation has destroyed original sedimentary structures. The intensity of
bioturbation ranges from moderate to extreme. Fossil burrows from browsing or feeding
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animals that leave traces generally parallel to bedding were evident in the cores. This
trace fossil assemblage is indicative of deposition in deep-water (slope to basin) setting
(Basan, et al., 1978). Lithofacies L5: Parallel finely laminated siltstone. This lithofacies
is characterized by alternations of light and dark colored fine laminae, each a few
millimeters (generally <Smm) in thickness. Light colored laminae are quartz-rich, coarse
siltstone. Dark colored laminae consist of the same silt sized detrital grains mixed with
organic detritus and small amounts of argillaceous material. Commonly laminae have
sharp/erosional bases. Normal graded bedding is common. Lamination is generally
parallel. A few tops of finely laminated sequences are ripple laminated.

Textural Lithofacies for Coarse Grained Deposits

The very fine-grained deposits described above are widespread along the Spraberry
Trend. They form a depositional continuum and encase the more localized very fine-
grained "clean" sandstones and coarse siltstones. These sandstones are very fine grained
and moderately to well sorted. The following coarse-grained lithofacies are observed in
the cores:

Lithofacies L6: Thick bedded, massive very fine sandstones and siltstones— This
lithofacies consist of light gray to light brown colored, fine grained, well-sorted
sandstones to coarse grained siltstones. These sandstones occur as individual beds, 1 to 3
ft in thickness that stack vertically to form much thicker composite units. Sand beds have
scoured basal contacts, often marked by a thin layer of intraformational mud clasts
(matrix supported). Beds are internally massive and lack sedimentary structures. There is
evidence of bioturbation. Lithofacies L7: Thin bedded, massive very fine sandstones and
coarse siltstones — These are light gray to light brown colored, very fine grained,
moderately well sorted to sorted very fine sandstones and coarse grained siltstones.
Individual sandstone beds are less than 1.5 ft thick. Beds are composites consisting of
basal intervals of massive sandstones, which may grade vertically into parallel laminated
or cross-laminated sandstones. The tops of some beds display dish structures or evidence
of fluid escape. Individual beds have scoured bases often marked by thin layers of
intraformational mud-clast conglomerate (matrix supported). Composite beds are often
difficult to identify due to relatively uniform grain size.

Lithofacies L8: Thin bedded, graded, cross-laminated very fine sandstones and siltstones
— This lithofacies consists of thin bedded (<1 foot) very fine grained, light gray to brown
colored, moderately well to well sorted very fine sandstones interbedded with dark gray
shales. Individual sand beds have sharp, erosive bases and are normally graded. A thin
layer of shale rip-up clasts often overlies basal surfaces. Normally graded sandstone beds
are characterized by vertical sequences of sedimentary structures indicative of deposition
from waning flow (i.e. socalled Bouma sequence). Such sequences consist of a basal
section of parallel laminated sandstones. Sand beds grade vertically into overlying beds
of dark gray shale or lenticular Olaminated silty shale.

Lithofacies Interpretation

Sandstone beds display abundant evidence of deposition from waning traction currents
including:
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1) Erosional, scoured bases (often sole marked, with rip-up clasts) and gradational bed
tops, which denote tractional currents with a subsequent decrease in the energy of the
environment.

2) Normal graded bedding (individual beds fine upwards),

3) Common cross bedding or current lamination indicative of transport by high energy
traction currents,

4) General lack of bioturbation,

5) Some fluid escape, load, or flame structures indicative of rapid deposition and
subsequent dewatering and,

6) Vertical sequence of sedimentary structures recording gradation from high to low flow
regime conditions (“Bouma” sequences). The total sedimentary package described above
is interpreted as basinal deposits, based on:

1) Preservation of delicate, very fine scale, parallel lamination within non-burrowed
sections, which is suggestive of anoxic conditions in very calm waters.

2) Local presence of abundant preserved organics, probably marine kerogens (suggestive
of very slow rates of deposition in poorly oxygenated or deoxygenated bottom waters)

3) Preservation of very fine scale finely laminated graded bedding within individual
siltstone laminae, very fine to fine grain size and abundant argillaceous sediments,
probably due to distal location during deposition.

Depositional Setting for Low Energy Environment

The finely parallel laminated siltstones (L1) were formed by suspension settling of silt
and very fine sized particles from submarine density currents. However, for the most part,
they lack evidence of deposition from tractional currents. Handford (1981) proposed that
such deposits result from density stratification of the water column when shelf derived
density currents periodically move out over the basin as an interflow suspended above the
basin floor. Suspension settling of thin layers of silt and very fine-grained sand resulted
from eventual mixing of waters near the terminus of such flows. Normal hemipelagic
sedimentation of shale and organics occurred between such flows:

Burrowed siltstone (L2) alternates with the parallel finely laminated siltstone (L1) and
with thin shale beds. The transition from laminated to burrowed intervals or, less
frequently into shales, is interpreted as recording periodic changes in bottom water
chemistry, primarily in bottom water oxygen content. Such changes may have occurred in
response to fluctuations in eustatic sea level through time.

Depositional Setting for High Energy Environment

Based on the association of traction current structures with the finer grained rocks, and
evidence presented above for basinal deposits, the sandstones represent deposition in
submarine channels and fans. The Spraberry sandstones analyzed in this study are
interpreted as deposits of deepwater origin, specifically deposits of waning traction
currents that were responsible for the filling of erosional channel cuts on the higher
energy, inner/middle portions of submarine fans. Lithofacies L6 and L7 were formed
from the channelized portions of the inner fan to nonchannelized middle submarine fan.
They are associated with thinly bedded sandstone/shale sequences (with lenticular/wavy
and convoluted bedding) of lithofacies L3, interpreted as basinal, fine-grained tail of
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interflows. Sandstones of lithofacies L8 are classical turbidite deposits. These deposits
occur within the upper portions of channel fills and within non-channelized portions of
the middle fan. Thinly interbedded sandstones and mudstones of lithofacies L8 are
traditional distal turbidites: deposits of low density turbulent flows on the outer portion of

the fan.
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1.9 PETROGRAPHY AND DIAGENESIS

Petrography

Thin section petrography, x-ray diffraction for clay mineralogy and fracture cements, and
scanning electron photomicrographs were used to define mineralogy, rock fabric, texture,
pore morphology and distribution, and diagenetic features and history for samples from
three cores from the Spraberry Formation. The three cores analyzed are from the upper
Spraberry Formation. Only the two most important productive zones, units 1U and 5U,
were studied. Two of the three cores contain both zones, while the Shackelford 138-A
core contains only the 1U unit. A list of the different techniques applied to each well per
unit and depth of coring is shown in Table 1.9-1. Out of approximately 100 thin sections
analyzed, 80 were point counted (see Table 1.9-1). Detailed point count analysis was
conducted (300 points counted per thin- section) to determine the percentage amounts of
detrital and authigenic minerals making the rock fabric, the amount and type of pore
filling constituents, and the percentage of visible pore space. Based on this type of
analysis, six small-scale lithofacies, referred to in this writing as rock types, have been
described.

General Textures and Mineralogy

Spraberry reservoir rocks are typically low porosity, coarse siltstones to very fine
sandstones that are intercalated with shaly non-reservoir rocks. Samples examined for
this study cover a range of rock types from very fine and clay rich massive shales,
through coarse laminated siltstones, to the very fine grained sandstones within the
operational units 1U and 5U of the upper Spraberry Formation. Most of the carbonate
muds and shales are matrix supported, while sandstones and siltstones display grain
supported fabric. Spraberry reservoirs have grain size ranging from 45 to 66 um with an
average of 60-um (Rock Type “A”) (see Table 1.9-1). Grain sorting varies from
moderately well sorted clayey coarse siltstones to very well sorted clean sandstones.
Grain shape ranges from subrounded to angular. The rock fabric displays two main
forms: massive and laminated. Mottled sedimentary fabric is not rare and it is associated
with burrowing and/or dewatering action. Water escape pillars are commonly found
within the Spraberry stratigraphic sequence. Burrowing produces patches of coarser grain
size that look cleaner and sandier than surrounding shaly sediments. Other structures
noted are cross stratification, which is fairly common in the very fine sandstones, and
soft-sediment deformation. Monocrystalline quartz is the dominant type of detrital grain.
Other abundant detrital grains are plagioclase, K-feldspar and muscovite mica. Rock
fragments, heavy minerals, and carbonate fragments are present in minor amounts.
Detrital clay matrix (laminar clays+dispersed claystorganics) averages 22.4% in
argillaceous laminated siltstones (Rock Type “F”) and 40.6% in shales (Rock Type “E”)
(see Table 1.9-1). Typically clays, organic debris, carbonate mud, and considerable
amounts of mica flakes and pyrite form a fine laminae. Massive very fine sandstones and
siltstones (Rock Type “A”) contain only minor amounts of clay matrix. Authigenic
minerals observed in variable amounts depending on the petrographic category include
quartz, dolomite and ferroan dolomite, calcite and pyrite. Barite is also abundant as
fracture-filling cement. Amounts of primary and secondary porosity also show variable
values for the different mineralogical facies (see Table 1.9-1). In this study, XRD
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diffractograms were recorded for samples along 60 ft of core (Shackelford 138A) in order
to define clay mineralogy within the various lithologies. Table 1.9-2 shows the results of
XRD analysis of clay samples (<2 m, grain size) from the Shackelford 138A. Relative
amounts of different clays were calculated in a semiquantitative manner using a series of
formulas developed by G. Austin (personal communication). [llite occurs as the dominant
clay mineral followed by chlorite, kaolinite and traces of mix-layer illite/smectite. Illite
clays are optically identified using SEM photomicrographs (Fig. 1.9-1). X-ray
diffractograms show the different characters of clay peaks that can be observed between
clean very fine sandstone at a depth of 7087 ft, and an argillaceous sample at 7104 ft
depth (Fig. 1.9-2). The difference of peak intensity between these two lithologies is
probably due to the fact that much of the clay in sample 7087 is diagenetic, while sample
7104 has dominantly detrital types of clays. The diffractogram for Shackelford 138A
(7104 ft) presents sharper and longer peaks suggesting more abundance or probably
better crystallinity of clay minerals than the sample at 7087 ft. (I) illite, (K) kaolinite and
(CL) chlorite.

Porosity

Two major pore types and five subcategories were identified based on pore size, pore
shape, and general pore morphology. Primary pores include intergranular macropores,
intergranular mesopores, and micropores. Secondary pores are generally oversized (up to
50um) and are a product of dissolution of precursor grains and cements. All pore types
determined and discussed here are summarized in Table 1.9-3.

Small Scale Lithofacies — Rock Types

Six rock types were identified based on microscopically observable features.
Characteristics used to define each group include porosity, amounts of clays and
organics, amounts of carbonate mud and cements, textural features such as relative
abundance of laminae or massive fabric, burrows, grain sorting and grain size.

Rock Type “A”

Moderately good porosity, very fine sandstones and coarse siltstones, reservoir rocks -
Very fine sandstones and siltstones are distinguished as the best quality reservoirs within
the upper Spraberry Formation. Of arkosic to subarkosic composition, these light colored,
massive to poorly laminated sediments represent the highest porosity rocks among all six
petrographic categories. Rock Type “A” sandstones contain most of the different types of
pores noted in Spraberry rocks; however, there are significant amounts of secondary
pores (Pore Type 5) and primary pore types 1 and 2 (see Table 1.9-3 for definition of

pore types).

Rock Type “B”

Slightly shaly laminated and/or patchy siltstones and very fine sandstones; low quality
reservoir rocks — Not as much dissolution porosity is observed within these rocks as
within Rock Type “A” rocks. Quartz and feldspar grains are again the main mineral
species (arkosic composition). Relatively higher amounts of clay, organic matter,
carbonate matrix and cements, and relatively lower porosity characterize this facies. Rock
Type “B” exhibits considerably more lamination and burrowing than Rock Type “A.”
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These silica-cemented, slightly laminated and patchy very fine sandstones are considered
low quality reservoir rocks of secondary importance.

Rock Type “C”

Silty Dolomite mudstones “Dolostone” - From the observation of core macro-samples
these sedimentary rocks are described as dark gray very fine grained dolomites; possibly
mudstones in “Lithofacies 5.” Thickness varies from a few centimeters to several tenths
of centimeters. They are commonly massive but can show some laminae formed of a
mixture of carbonate mud, clays, and organics. Thin section specimens show that a silty
micritic dolomite is the major component of this facies. These rocks present a general
lack of porosity and form non-reservoir rocks with good seal characteristics.

Rock Type “D”

Very “patchy” dolomitic siltstone — These samples, like Rock Types “A” and “B,” are
arkosic to subarkosic in composition. The major detrital grains are quartz, followed by
feldspars and minor rock fragments. Dolomite and calcite are pervasive cements forming
patches scattered throughout the rock. Porosity amounts are moderate to low. A higher
percentage of dolomite cement distinguishes Type “D” siltstones from the similar, but
less dolomitic, Type “B” rocks. Rock Type “D,” calcareous “patchy” siltstones are
marginal reservoirs.

Rock Type “E”

Shales and Silty Shales - Shales and silty shales, together with the silty dolomite
mudstones (Rock Type “D”) show the lowest amount of pore space among the six
categories described, while clay matrix is abundant. Color varies from gray to black.
Non-reservoir rocks, these were probably hydrocarbon host rocks from deposition until
migration of oil to high porosity units, and presently they form excellent seal rocks.

Rock Type “F”

Argillaceous Highly Laminated Siltstones - Argillaceous highly laminated siltstones form
a category that can grade from relatively clean laminated siltstones to very low reservoir
quality laminated shaly siltstones. Depending on the relative amounts of clays, organics,
pyrite and other argillaceous materials, sediments will present thinner or thicker laminae
between silts and shales. This is the most common lithology occurring throughout the
upper Spraberry Formation in the three cores examined. Laminated shaly siltstones are
darker in color, and differ from the cleaner siltstones (Rock Type “B”) in having
significantly higher amounts of argillaceous matter. Laminated shaly siltstones tend to be
matrix supported.

Diagenesis

Very fine sandstones and coarse siltstones of the upper Spraberry have been subjected to
highly wvariable degrees of post-depositional alteration (diagenesis). Diagenesis has
resulted in an overall reduction of original porosity and permeability. Variations in the
extent of compaction, cementation and dissolution have overprinted the original rock
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fabric, and asserted certain control to spatial variations in reservoir quality within the
upper Spraberry Formation.

Quartz and Feldspar Overgrowth, Authigenic Feldspar, and Pressure
Solution

Quartz overgrowths: Quartz overgrowths are noted as euhedral grain boundaries or by
the presence of vacuoles or dust rims that separate grain from cement. Quartz cement is
most abundant in Rock Type “A” and “B.” In general, median values of quartz
overgrowth percentages (from point count) vary from one category to another (see Table
1.9-1). The lower values of quartz cement found in Rock Type “B” suggests that the
presence of larger amounts of clays and carbonate cements probably have somewhat
inhibited growth of quartz cements.

Authigenic feldspar: Authigenic feldspar is a minor cementing agent occurring in
quantities of 1% or less. Alteration and dissolution of weaker feldspar mineralogy is
found repeatedly in the Spraberry Formation.

Pressure solution: Overpressuring during compaction in conjunction with several other
factors can cause pressure solution. The effect of compaction is clearly observed within
the matrix-free sandy petrographic categories and lithofacies. Flat and concave-convex
grain suturing contacts are common in these lithofacies, denoting the pressure solution
effect between quartz grains. It is possible that some of the silica in quartz overgrowths
was derived from pressure solution processes.

Authigenic Clays

The Spraberry Formation contains abundant clay, although it is not an easy task to
differentiate between depositional and authigenic clay. Detrital clays in the sand rich
facies caused very low initial porosity and permeability, which were only decreased by
compaction. Rock Type “E” and “F” presents a thick mixture of clays, organics,
carbonate muds, and common associated pyrite precipitates and mica sheets that appear
very well compacted. It seams that Rock Type “A” and “B” have gained from having
more pore space available so hairy illite flakes have developed. Both forms of clay
described above are presently diagenetic forms, either through recrystallization of large
clumps of compacted clays or neoformation of fibrous flakes.

Pyrite

Authigenic pyrite occurs in small quantities in all lithologies and is especially abundant
in shales and shaly samples. Nodules of pyrite, 1 to 0.5cm, flattened due to burial during
compaction are visible in hand specimens. Framboidal pyrite is also noted in association
with organic-rich facies.

Carbonate

Authigenic carbonates are the most abundant cementing agents in the Spraberry
Formation. Utilization of proper staining, along with observation in scanning electron
microscopy, helped identify dolomite cementation and replacement of microorganisms
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and detrital grains. The authigenic character of the dolomite is quite clear when observed
as large patches of poikilotopic cement and replacement of detrital grains.

Pore Space

Pore types have been identified on the basis of size, shape, origin and distribution using
qualitative thin section and SEM photomicrographs of rock samples (see Table 1.9-3).
These analytical procedures reveal that the pore systems of these rocks consist of varying
proportions of five (5) pore types. Type 5 pores, secondary dissolution pores, are
moderately abundant in some parts of the upper Spraberry Formation. The most common
recognizable secondary porosity feature is the partial or total dissolution of feldspar
grains. Remnants of partially dissolved grains within a pore space with typical grain
shape are often found in thin sections from the very fine clean sandstones and siltstones
(Rock Type “A”). Relict features of cleavage with the typical extinction patterns of
plagioclase (probable Ca rich) are also commonly found. Dissolution is also observed in
unstable carbonate grains and cements. One type of secondary pore is an oversized pore
formed by dissolution of framework grains, patches of matrix, or cements. This type of
pore has a greater diameter than the average detrital grain size. Moldic pores are also seen
in thin sections from the Spraberry Formation, and are recognized by geometrical shapes
of the precursor grains. Another very common secondary pore is the intra-constituent
pore, which occurs mainly within framework grains, but also in cement and matrix.
Secondary intergranular pores are very difficult to differentiate from primary
intergranular pores due to their similar habit.

Paragenesis

Upper Spraberry sandstones have been subjected to several stages of diagenesis.
Diagenesis has resulted in both the occlusion and, rarely, the enhancement of porosity
and permeability. The relative timing of various diagenetic events may be deciphered by
examination of the spatial relationship of cements in thin section or with the scanning
electron microscope. The following diagenetic sequence has been determined for upper
Spraberry sandstones examined in this study:

1. Deposition of sediments with initial primary intergranular porosity. Some interstitial
space within more poorly sorted and lower energy deposits filled by detrital clay matrix.

2. Basinal sediments that were deposited in anoxic bottom waters conditions experienced
varying degrees of pyrite precipitation due to the production of H2S by sulfate reducing
bacteria at the sediment-seawater interface prior to burial.

3. Shallow burial. Minor adjustments in grain packing in response to burial loading.
Some rocks, particularly clean sandstones of submarine channel origin, were subject to an
early stage of silica overgrowth cementation. While volumetrically insignificant in
controlling reservoir quality variations, these overgrowths aided in arresting
compactional effects and preservation of porosity and permeability.
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4. Precipitation of calcite cement (a near surface event-precipitation from connate waters
in equilibrium with seawater).

5. Precipitation of chlorite, illite and smectite.
6. Dolomite cement precipitation.

7. Late stage precipitation of silica overgrowth (individual euhedral crystals rather than
more extensive and massive overgrowths). Minor development of K-feldspar
overgrowths on framework feldspar grains.

8. Late stage precipitation of fibrous illite clay growths on pore walls and within pore
throats. Illite clay cement, while volumetrically insignificant, bridges pore throat
openings dramatically reducing formation permeability.

9. Fracture formation after enough unconfinement effect is produced.
10. Fracture mineralization, mainly calcite and barite.

Porosity, Dissolution and Reservoir Quality Preservation

Various diagenetic processes have enhanced or damaged the initial pore structure of
Spraberry rocks. The interaction of compaction effects, cementation, dissolution and
fabric rigidity within the original rock texture has resulted in highly variable pore
structures in Upper Spraberry rocks. A number of factors affect the formation,
preservation, and damage of pore space:

1. Original rock texture: this controls grain size and sorting. Very fine grained, poorly
sorted sandstones of submarine channel abandonment, distal turbidite, and basinal origin
have smaller pore and pore throat sizes than coarser grained and better-sorted sandstones
of submarine channel origin. Pore size distribution is more heterogeneous within the low
energy, basinal siltstones and sandstones: a function of lamination and bioturbation.

2. Compaction: this controls grain packing and the degree of deformation of ductile
grains. Compaction has resulted in a reduction of the original size of pore bodies and pore
throats, and therefore has contributed to a general reduction in porosity and permeability
during burial. Compaction must have affected in a greater manner the more ductile
composition of the various clay rich lithofacies and petrographic categories (L1, L2, L3
and L4 section 1.2; and RT ”E” and RT “F” section 1.3-Petrography).

3. Cementation: this also results in reduced pore and pore throat size and increased pore
system tortuosity (in the case of sandstones with microquartz, carbonate and clay
cements). Precipitation of authigenic clay can produce a dramatic increase in pore surface
area, and in partitioning of intergranular pore space near pore walls into micropores
(pores<Sum in diameter). Additionally, the bridging effect of pore throats by fibrous illite
has an effect far in excess of the small volume of clay present, dramatically reducing
formation permeability.
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4. Dissolution: Dissolution of chemically unstable grains produces secondary porosity
within very fine-grained sandstones and siltstones, usually improving permeability
(Lithofacies L6, L7, L8 section 1.2; RT “A” section 1.3-Petrography).

5. Fabric rigidity: Despite being subject to burial loading, some of the Spraberry
lithofacies and petrography categories examined in this study (Lithofacies L6, L7, L8
section 1.2; RT ”A” and RT “B” section 1.3-petrography) have retained significant
amounts of original intergranular porosity, resisting grain slippage and packing
adjustments. Petrographic analysis suggests that this is the result of non-ductile fabric
composition and early silica cementation, which arrested grain slippage by increasing the
mechanical strength (rigidity) of the rocks. An important event that perhaps followed the
dissolution in the Spraberry Formation is the preservation of porosity due to significant
increases in geopressures. High overburden effects are suggested by the pressure solution
characteristics such as long and sutured grain boundaries found within the very fine
sandy units of Spraberry Formation. The formation of regional vertical fracture systems,
which are very important for fluid conductivity in the reservoirs, are also related in part to
the occurrence of overpressure events within the reservoir sands (Lorenz, et al., 1991).
Some characteristics of the Spraberry Formation are common to overpressured
formations. Highly compressible shales, rich in organic fluids, are overwhelmingly more
abundant in the Spraberry Formation than the rigid, fine, clean, and porous sandstones. In
these clay-rich systems high amounts of fluids are gradually injected into the more
porous sandstone and siltstones from the shales by compaction dewatering. After the
lithification occurred, shaly rocks and carbonates that presently show a total lack of
permeability formed a very good seal preventing escape of fluids from the enc